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<< Battle of 
the Sperm 


In insects, sperm from multiple 
matings are stored and retained, 
and are thought to compete for 
ova within a female’s reproduc- 


tive tract. Manier et al. (p. 354, 
published online 18 March) visual- 
ized sperm from fruit flies trans- 
genically tagged with green or 
red fluorescent protein within 
the reproductive tracts of female 
flies. Sperm showed more mobil- 
ity within the female storage or- 
gans than expected, with those 
from the most recent copulation 


displacing sperm from previous males; however, sperm viability remained consistent over long- 
term storage and each male’s sperm was equally competitive in fertilizing the female’s eggs. 


Eat Less, Live Long 


Studies in several model organisms have shown 
that dietary restriction without malnutrition, 

or manipulation of nutrient-sensing pathways 
through mutations or drugs, can increase life 
span and reduce age-related disease. Fontana 
et al. (p. 321) review the ways in which nutrient- 
sensing pathways are central to aging. Studies of 
yeast, worms, rodents, and primates show that 
these pathways are conserved during evolution. 
Although data on the effects of dietary restric- 
tion in primates are very limited, in humans, the 
protective effects of dietary restriction against 
cancer, cardiovascular disease, and diabetes must 
be judged against potentially negative long- 
term effects. More work is needed to determine 
whether dietary restriction and the modulation 

of anti-aging pathways through drugs can extend 
life span and reduce pathologies in humans. 


— Deadly Diced DNA 


Mammalian cells undergoing programmed 
cell death, or apoptosis, destroy DNA with the 
deoxyribonuclease known as DFF4O. Cells of the 
worm Caenorhabditis elegans also undergo cell 
death but they do so without a DFF40 enzyme. 
Nakagawa et al. (p. 327; see the Perspective 
by Liu and Paroo; see the cover) searched 
for other nucleases that might be involved in 
worm apoptosis by systematically depleting 
nucleases with interfering RNA. They found 
the ribonuclease Dicer, known for its role in 
sequence-specific silencing of gene expression, 
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was cleaved by a protease that changed Dicer's 
catalytic activity. The remaining C-terminal 
fragment switched from being a ribonuclease to 
a deoxyribonuclease. Thus, caspase activation 
leads to DNA degradation in the worm as well. 


Bulking Up 
Water Oxidation 


Storing solar energy by water oxidation, in a 
process akin to photosynthesis, is a promis- 

ing approach for building a renewable energy 
infrastructure. Unfortunately, many of the most 
active synthetic catalysts for this process 
fall prey to degradation by the gen- 
erated oxygen. Yin et al. (p. 342, 
published online 11 March; see 
the Perspective by Hurst) used 
bulky polyoxometalate ligands 

to protect a catalytic cobalt cen- be 
ter from this fate. The full complex 
was easily prepared by mixing 
proper ratios of inexpensive 
tungsten, cobalt, and phosphate 
salts in boiling water. After isolating 
and redissolving the catalyst in slightly basic 
aqueous solution, rapid oxygen generation was 
observed with a ruthenium-based oxidant. 


Cluster Within Virgo 


Globular clusters are gravitationally bound 
systems within galaxies containing hundreds of 
thousands of stars. Using data from the Sloan 
Digital Sky Survey of the thousands of galax- 


ies that constitute the Virgo cluster, Lee et al. 
(p. 334, published online 11 March) fulfilled a 
prediction made almost 60 years ago and found 
globular clusters outside galaxies. In Virgo the 
clusters are found far from the center and are 
concentrated in several substructures much 
larger than galaxies. Possibly they were stripped 
off from low-mass dwarf galaxies, and poten- 
tially trace the dark matter distribution within 
the Virgo cluster. 


Aromatic Lead 


The bond stabilization, or aromaticity, observed 
in cyclic carbon molecules, such as benzene, 
relies on delocalization of electrons around the 
ring. Although electron distributions in heavier 
elements can complicate this arrangement, 
Saito et al. (p. 339) show that even lead, one 
of the heaviest metals, is able to participate in 
an otherwise carbon-based aromatic network. 
In an analog of the well-studied cyclopentadi- 
enyl anion, one carbon atom was replaced with 
lead, and the framework stabilized by append- 
ing phenyl groups to the other four carbons. 
Crystallography revealed a planar structure, 
which together with spectroscopic data and 
theoretical calculations confirmed the aromatic 
character of the product. 


One B, One O 


Boron has a tendency to share electrons 
with multiple different atoms, hence 
exhibiting a rich cluster chemistry, in 
contrast to the more traditional two-center, 


“$ two-electron bonds prevailing in the 


compounds of most other light ele- 
ments. Braunschweig et al. (p. 345) 
have coaxed boron into a more confined 
setting and made a boron analog of carbon 
monoxide as a triply bonded BO anion that 
was stabilized by coordination to a platinum 
center. The product formed easily in room tem- 
perature solution from a precursor substituted 
with a silyl group on the oxygen and a bromide 
on the boron and exhibited surprising stability 
toward heating and photolysis. The BO anion 
is a fundamental binary material, isoelectronic 
with CO, CN-, and NO+, which have been the 
key binary ligands in organometallic and coor- 
dination chemistry for more than 50 years. 
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Less Old Martian Meteorite 


The oldest Martian meteorite known, ALH84001, was thought to be a remnant of primordial martian 
crust formed during solidification of an early magma ocean. Using isotope data, Lapen et al. (p. 347) 
revised the crystallization age of this meteorite from 4.51 billion years to 4.09 billion years ago, 
meaning that this rock cannot be a fragment of primordial crust that escaped the period of intense 
bombardment that occurred between 4.25 and 4.10 billion years ago. The revised age also suggests 
that magmatism was ongoing in Mars for a large part of its history and that ALH84001 was actually 
formed during the heavy bombardment period, just before the martian core dynamo stopped and the 
planetary magnetic field was lost. 


Revealing Volvox 


Female and male gametes of the green alga, Volvox, significantly differ in size. Those of Chlamydomo- 
‘nas, another green algae from a lineage that separated from Volvox some 200 million years ago, are 
the same size. We know sex in Chlamydomonas is governed by a sex-determining locus called MT. In a 
detailed comparison of the MT loci of Volvox and Chlamydomonas, Ferris et al. (p. 351) found that al- 
though MT has retained some similarity in gene order, its composition has greatly changed between the 
two species. In Volvox, new genes have been coopted into this locus and show sex-specific expression. 
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responsiveness to yeast mating pheromone, and some translated into changes in mating efficiency. The 
authors propose that shuffling of modular protein domains may be an important source of phenotypic 


diversity in evolution and may also be a useful strategy for the engineering of biological systems. 
Connect with CTSciNet now at: 
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Yin-Yang T Cell Signaling 


t Immune responses are kept in check by CD4* regulatory T cells (T,.) that suppress other immune cells, 
3 including CD4* effector T cells (T,,). T,, and T,,, cells have many signaling components in common, 
Clinical and Translational Science Network yet triggering through their T cell receptors (TCRs) leads to very different outcomes. Zanin-Zhorov 
et al. (p. 372, published online 25 March) compared the recruitment of signaling molecules to the 
Seaael by immunological synapse after TCR triggering in T,,, and T,, cells. Although T,., cells do form synapses, 
signaling molecules that promote T., activation, such as protein kinase C-0 (PKC-@), were not 
WN AAAS recruited. Inhibition or depletion of PKC-0 in T,, cells led to suppressive activity against T,, cells, 
whereas costimulation enhanced PKC-0 recruitment and less suppression. Together, this suggests that 
PKC-0 is inflammatory in both Tog and T,, cells; however, by excluding it from the synapse, T,,,, cells 
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Common U.S. Math Standards 


THE UNITED STATES HAS NEVER HAD NATIONAL STANDARDS OR CURRICULA FOR MATHEMATICS, 
Instead, each state decides, for example, what version of high-school algebra should be taught 
and how to assess whether students have learned it. In March 2010, the National Governors 
Association and the Council of Chief State School Officers released Common Core State 
Standards (CCSS) for English language arts and mathematics (www.corestandards.org). The 
goal is to have all states adopt these as their standards, making more uniform the knowledge 
and skills expectations for students in preparation for success in college and careers. 

The mathematics standards were drafted by teachers, mathematicians, statisticians, 
mathematics educators, and cognitive scient vith input from many educational organi- 
zations.* Reconciliation of the perspectives of this wide spectrum of participants has relied 
on research evidence and the curricula of countries that perform better than the United States 
in mathematics. Research studies such as the Trends in International 
Mathematics and Science Study (TIMSS) have shown that U.S. 
mathematics performance is compromised by a lack of focus and 
coherence in the curriculum. For example, Hong Kong students out- 
score U.S. students on the grade 4 TIMSS assessment, even though 
the Hong Kong curriculum covers about half of the tested topics, 
whereas the U.S. grade 4 curriculum covers over 80% of the tested 
topics. Higher-performing countries (the U.S. ranks 1 Ith in 4th-grade 
mathematics, according to TIMSS) teach central topics more coher- 
ently and in greater depth. Thus, the proposed new standards differ 
substantially from today’s typical state standards by focusing on key 
topics and building a coherent progression of learning. 

The political push for common standards comes with a push for 
higher standards. “Higher standards” means covering fewer topics at 
each grade level but in greater depth, so that students learn them well. 
It also means covering topics at the appropriate grade level, when students are well prepared 
for them. In Singapore, division of fractions is not taught until grade 6, whereas in the United 
States, it is often taught in grade 4 or 5. In top-performing countries, mathematics standards 
are high for what students actually learn. In contrast, U.S. state standards often tell teachers 
what to cover, whether students learn it well or not. The CCSS are designed to help teachers 
know when to devote the necessary time to mathematical ideas that are worth careful study. 
Cognitive research suggests that conceptual understanding intertwines with procedural skill 
to develop mathematics achievement. To make solid progress, students need not only skills to 
tackle mathematics problems but also the mathematical concepts that give coherence and sub- 
stance to the subject. The CCSS delineate both skills to master and concepts to understand. 

Common standards can benefit the education field, just as other fields (such as engineer- 
ing and medicine) have benefited when common standards have been introduced. And com- 
mon standards can improve textbooks and other teaching tools. Currently, publishers include 
every topic that any given state might want to see; as a result, U.S. mathematics textbooks 
typically have five times as many pages as international texts. By aggregating demand, 
common standards can make the education market less fragmented, and R&D can focus on 
creating better and innovative products and services. 

Yet by themselves, common standards will accomplish little. They are part of a larger 
system of tools, organizations, and practices. This raises questions about what else states 
can share to support effective instruction, such as common training for teachers. Consortia 
of states are already organizing a common assessment system for student achievement. The 
promise of an improved education system is thrilling. But people, especially teachers and 
those who support them, will decide what difference common standards will make. 

— Philip Daro, William McCallum, Jason Zimba 
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“The authors are members of the CCSS for Mathematics working group. 
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Homeostatic Engineering 


Not so many years ago, adding a heterologous set of enzymes in order to augment the biosyn- 
thetic capacity of a microbe was acknowledged as a remarkable feat of rational design. Apart 
from the important technical concerns of efficiency and stability, attention then turned to the 
greater challenge of repairing metabolic dysfunction; the goal here was not only to restore the 
biochemical reactions but also to place them under endogenous regulation. Kemmer et al. dem- 
onstrate how this might be achieved in mice suffering from excess uric acid, which in humans 
can lead to the condition commonly known as gout. Uric acid is the product of purine catabo- 
lism, and in mice, urate oxidase converts it to allantoin, which is excreted. Excess uric acid can 
precipitate as the sodium salt, and humans, who lack urate oxidase, cannot tolerate too much 
of it. Conversely, uric acid can scavenge free radicals, and a moderate amount is deemed to be 
beneficial. Stitching together a mini-circuit comprising a Deinococcus transcriptional repressor 
and promoter as well as Aspergillus urate oxidase enabled these authors to maintain serum uric 
acid concentration in urate oxidase—deficient mice at normal physiologic levels. — GJC 

Nat. Biotechnol. 28, 10.1038/nbt.1617 (2010). 
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Sowing the Seeds of Spherulites 


The evolution of hard calcified structures such as 
shells and skeletons gave their bearers a selec- 
tion advantage over older soft-bodied organisms. 
Most organisms equipped with such hard struc- 
tures synthesize enzymes or other biomolecules 
to serve as sites for controlled crystal growth. 
The modern sponge Astrosclera willeyana—a 
living fossil related to some of the most primitive 
sponges—may form its simple calcite spheres via 
another mechanism. Within the organic matrix of 
these spherulites, Jackson et al. found biomark- 
ers exclusive to the biomolecules of bacteria. 
This finding suggests that A. willeyana degrades 
the bacteria that enter its much larger cells 
and then uses the degradation products, rather 
than its own biomolecules, to nucleate calcite 
crystals. Bacteria on their own can form large 
calcified structures such as stromatolites, and did 
so billions of years ago; however, if sponge-like 
organisms ~300 million years ago did not have 
the full suite of genetic machinery to direct 
biocalcification themselves, the harvesting of 
bacteria to jump-start the process would have 
served as an efficient evolutionary shortcut. The 
appearance of more sophisticated mineralization 
pathways, which allowed species related to mod- 
ern corals to outcompete the ancient sponges 
that previously dominated ocean reefs, may have 
occurred much later. — NW 
Geobiology 8, 10.1111/ 
j.1472-4669.2010.00236.x (2010). 


Read-Only Access 


To squeeze eukaryotic genomes into the cramped 
confines of the cell nucleus, DNA is packaged into 
nucleosomes, which are composed of octamers of 
histone proteins: two dimers of histones H3 and 
H4 and two dimers of H2A and H2B. Accessing 
the information stored in the genome requires 
that the nucleosomes be removed or shuffled 

out of the way and then later replaced. Assembly 
occurs via the interaction of dimers of H3-H4 
with DNA to form a (H3-H4),—DNA complex (the 
tetrasome), and then by the addition of two 
H2A-H2B dimers. Andrews et al. have studied the 
mechanism by which nucleosome assembly pro- 
tein 1 (Nap1) acts to promote assembly and find 
that Nap1 does not affect tetrasome formation 
but instead binds to the H2A-H2B dimer and re- 
duces its affinity for DNA. This is critical because 
histones are basic proteins and have a strong pro- 
pensity for nonproductively interacting with DNA. 
Deletion of Nap1 in yeast results in increased 
levels of H2A and H2B in chromatin, without a 
corresponding increase in H3, supporting the 
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idea that Nap1 protects against H2A-H2B dimers 
binding to DNA disobediently. The derangement 
of normal chromatin structure in the absence of 
Nap1 results in the misregulation of transcription, 
indicating that Nap1 chaperone activity is critical 
for the correct readout of information. — GR 

Mol. Cell 37, 834 (2010). 


MOLECULAR BIOLOGY 
Remote Enhancement 


The temporal and cell type-specific regulation of 
gene expression relies in part on enhancers, which 
are noncoding regions of the genome that control 
tissue-specific expression of a gene sometimes 
located hundreds of kilobases away. Enhancers 
recruit regulatory proteins to decondense chro- 
matin and promote the assembly of transcription 
machinery at genes. Swanson et al. have dissected 
the 350-bp sparkling (spa) enhancer that controls 
expression of the dPax2 gene, which specifies 
cone cell fate in the developing Drosophila eye. 
The spa enhancer has been shown to consist of 12 
binding sites that recruit four regulatory proteins, 
the combination of which was thought to be suf- 
ficient to activate gene expression. By analyzing 
mutated versions of a synthetic spa enhancer 
in vivo, the authors have identified additional 
regulatory regions that are required for gene 
expression. One of these 
regions was required 
only when the enhancer 
was located 846 bp up- 
stream of the promoter, 
but not at 121 bp, which 
suggests that other 
enhancers may contain 
similar hidden remote- 
control regions that work at a distance. Rearrang- 
ing the regulatory elements in spa switched its 
cell-type specificity. Thus, both distance and the 
order of regulatory regions enable enhancers to 
fine-tune gene expression, revealing more levels 
of complexity than previously appreciated. — HP 
Dev, Cell 18, 359 (2010). 


Rescuing Spa furictic 


by:movingit closer 


CHEMISTRY 
A Precatalytic Cycle 


When metal particles are deposited or formed 

on oxides for catalytic applications, the goal is to 
create small clusters that expose as many surface 
atoms as possible. One method of limiting surface 
adsorption is atomic layer deposition, which 
restricts deposition by requiring the system to 
undergo cycles of stoichiometric reactions. For 
the formation of palladium (Pd) particles on silica 
gel supports, Lu and Stair report a cycle of three 
reactions that occur at low temperatures (below 
110°O and yield highly uniform particles with 
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an average size of 1 nm. Pd is deposited on a 
limited number of surface sites as an ion complex, 
coordinated by hexafluoroacetylacetonate ligands. 
Asecond step deposits an alumina or titania 
precursor, and a third step adsorbs water in order 
to form the oxides. This cycle is repeated over as 
many as 15 cycles, and then the protective Pd 
ligands are removed by reaction with formalin 
at 200°C. CO chemisorption studies showed that 
successive cycles do not interfere with the acces- 
sibility of the Pd clusters to reactants. — PDS 
Angew. Chem. Int. Ed. 49, 2547 (2010). 


CELL BIOLOGY 
Natural Skin Care 


The skin acts as one of our primary defenses, 
protecting our organs and tissues from a dry 
and often hostile environment. During develop- 
ment, fibroblast growth factors (FGFs) and 
their receptors (FGFRs) help to produce and 
maintain a robust epidermis. Yang et al. gener- 
ated mutant mice that lacked FGFR1, FGFR2, or 
both. Mice lacking keratinocyte FGFR1 appeared 
normal throughout development; those lacking 
keratinocyte FGFR2, however, had a reduced 
number of hairs and no sebaceous glands. Mice 
lacking both receptors displayed a more severe 
phenotype: As they aged, hair was lost, and the 
outer layer of the skin—the dermis— 
underwent fibrosis as a consequence of an 
increased inflammatory response. The tight 
junctions that hold skin cells together were 
also down-regulated in the mutant mice, 
which correlated with an impairment of 
epidermal barrier function. — SMH 

J. Cell Biol. 188, 935 (2010). 


IMATE 


A Long Slow March 


CIENCE 


Among the most important responses to rising 
temperatures is accelerating rates of melting of 
the world’s ice sheets and glaciers. Nowhere has 
that melting been more evident than in southern 
Greenland, where for the past decade or more, 
ice mass loss has occurred at an increasing rate. 
Now the mass loss so apparent in the south 
is spreading up the northwest coast, as would 
be expected. Khan et al. use two independent 
techniques—gravity measurements from the 
GRACE satellites and GPS measurements of 
bedrock elevations adjacent to the ice sheet—to 
construct a self-consistent record which shows 
that ice mass loss in northwest Greenland prob- 
ably began to pick up speed in 2005. Detailed 
pictures of the evolution of ice sheets should lead 
to better predictions of other phenomena such as 
sea-level rise. — H]S 

Geophys. Res. Lett, 37, L06501 (2010). 
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Sick old 
Douglas firs look 
like bottle brusties. 


Fungus Slows Fir 


Atree fungus that used to be a minor nuisance 

is now causing a major loss of growth in Douglas 
firs, a staple of the timber industry in the Pacific 
Northwest. Swiss needle cast disease has "become 
an epidemic” in some coastal regions and has sig- 
nificantly lowered productivity, says Bryan Black, 
a forest ecologist at Oregon State University in 
Newport and co-author of a study appearing this 
month in Forest Ecology and Management. The 
blight is being exacerbated by warmer springs 
and wetter summers, the scientists say. 

Scientists used to think the disease, which 
causes needles to yellow and fall off, affected 
only young, fast-growing trees, But Black’s team 
spotted severe growth declines in mature trees 
after taking tree-ring cores from 100-year-old 
stands on the Oregon coast. Compared with cores 
from western hemlock, the fir trees’ growth rate 
has been stunted by more than 80% in the past 
quarter-century. The cores show the trees grow- 
ing steadily until 1983, then “hitting a brick wall 
and shutting down,” says Black. Alan Kanaskie, a 
forest pathologist at the Oregon Department of 
Forestry in Salem, says “this is the first study to 
rigorously show the decline in mature Douglas fir 
growth and link it to this disease.” 


HOW ABOUT ‘WON'T 1’? 


The way individuals talk to themselves may 
influence their future behaviors. Volunteers 
solved more anagrams if they prepared for 
the task by asking themselves whether they 
would work on anagrams as opposed to 
declaring they would. In follow-up experi- 
ments, merely writing “Will |" 20 times (as 
part of a supposed unrelated handwriting 
task) resulted in better performance on 
solving anagrams and stronger intentions to 
exercise than writing “I Will” 20 times, sug- 
gesting that priming an interrogative struc- 
ture of self-talk may be enough to motivate 
goal-directed behavior. 
—Summary of a paper published online 
last month in Psychological Science 
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| BANDOMSAMPLES 


n Memoriam 


Constance Holden, who has edited this page 
with her singular wit and style since it was 
launched 20 years ago, was tragically killed 
on 12 April in a traffic accident. Tancy, as she 
was fondly known to her many friends and 
colleagues, was struck by a military vehicle, 
part of the security forces for the nuclear 
summit being held in Washington, D.C., as 
she left the Science offices on her bicycle. 
Tancy was an accomplished writer and 
editor for Science for almost 40 years. She 
covered the social and behavioral sciences, 


EDITED BY CONSTANCE HOLDEN 


bioethics, and stem cell research, delving into the genetics of behavior long before 
it was fashionable. She was a true original—warm, funny, curious, direct, and always 
willing to challenge the conventional wisdom. She was also a talented artist and pia- 
nist. Her oil paintings grace colleagues’ offices and the corridors of the AAAS building. 
The self-portrait above provides a unique view of a distinctive personality who has left 
her mark on this magazine. She will be deeply missed. 


Jurassic Mark 


The Jurassic era—heyday of big dinosaurs, cycad 
ferns, and certain marine invertebrates—may 
soon have an official starting point. Geologists 
are gearing up to decide whether a sequence 
of 200-million-year-old rocks (see arrow) about 
50 kilometers north of Innsbruck in Austria will 
serve as the “type section” or “global bound- 
ary stratotype section,” whose fossils define the 
beginning of the era for researchers worldwide. 
Geologists have been arguing for years 
about the best spot to mark the Triassic-Jurassic 
boundary. “Formally defining the beginning of 
the Jurassic would be the same as defining the 
beginning of the Renaissance,” says Stan Finney 
of California State University, Long Beach, chair 
of the International Commission on Stratigraphy, 


which recommends type sections for the Inter- 
national Union of Geological Sciences (IUGS). 

The traditional identifying fossil for the Juras- 
sic has been whorl-shelled sea creatures called 
ammonites. But they are hard to find in buried 
strata, and many rocks from the era have been 
washed away by sea-level changes or subducted 
in ocean crust, now deep inside the earth. Ammo- 
nites are sprinkled in potential type sections in 
British Columbia, Canada; the United Kingdom; 
and the United States, including Nevada’s New 
York Canyon site. But the commission’s preferred 
candidate is Tyrol’s Kuhjoch section in the Kar- 
wendel Mountains, which has other tiny Jurassic 
fossils such as pollen and algal diatoms. 

IUGS is expected to hold an 
official vote on the matter 
this summer. 


Ammonite. 
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NUCLEAR PHYSICS 


Bringing 


astronomy 
to the people 


Discovery of ‘Missing’ Element 117 
Hints at Stable Isotopes to Come 


Russia strikes again. In the past decade, the 
Joint Institute for Nuclear Research in Dubna, 
ia, has bagged new elements 113, 114, 
116, and 118 by firing up a fantastically 
intense beam of neutron-heavy calcium-48 
isotopes and blasting away at the periodic 
table’s radioactive actinide elements. Last 
week in Physical Review Letters, a multi- 
institution team there announced that it had 
filled a gap by making clement 117 as well. 

“They devoted very, very long beam tim 
and very hard work.” says nuclear chemist 
Heino Nitsche, who leads the heavy-element 
group at Lawrence Berkeley National Labo- 
ratory in Berkeley, California. At other labs. 
Nitsche says, heavy-element scientists vie 
with other experimenters for beam time, but 
Dubna physicists enjoy a cyclotron largely 
dedicated to element-hunting. “You won’t find 
that anywhere else in the world,” he says. 

For decades, the new- 
element sweepstakes has 
been a three-way race. Begin- 
ning in 1940, the Berkeley lab 
dominated the field, claiming 
or sharing credit for all ele- 
ments except for one from 
93 through 106. In 1981, the 
GSI Helmholtz Centre for 
Heavy Ion Research in Darm- 
stadt, Germany, pulled ahead, 
planting flags on elements 
107 through 112, the recently 
named copernicum 

Even withstretches ofbeam 
time available at Dubna, going 
after 117 required “experi- 
mentally, an enormous tour de 
force, ir physicis' 
Konrad Gelbke, director of 
the National Superconducting 
Cyclotron Laboratory (NSCL) 
at Michigan State University 
in East Lansing. To get to 117 
protons from calcium’s 20, 
Dubna physicists needed the 
97 protons in the devilishly- 
hard-to-synthesize element 


Stable ‘Mountains’ 
Lead-Uranium 


100 


Neutron Number, N 


berkelium. Nuclear chemists at the world’s 
most intense neutron source, the High Flux 
Isotope Reactor at Oak Ridge National Labo- 
ratory in Tennessee, spent 250 days scraping 
together 22.2 milligrams of the stuff—about 
the size of a fingernail paring—and another 
90 days purifying it to one part in 10 million. 
Then the clock began to tick: Berkelium’s 
half-life is 320 ds 
The hot material’s next stop was Russia's 
Research Institute of Atomic Reactors in 
Dimitrovgrad, where scientists deposited it 
on a thin film of titanium. Then it went on to 
Dubna, where physicists pummeled the target 
with 7 trillion calcium-48 ions per second, day 
and night for 5 months. A gas-filled separation 
chamber diverted atoms blasted off the target 
into an array of detectors. From thousands of 
potentially interesting events, the physicists 
pinned down just six atoms of element 117. 
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Gotcha. Physicists nabbed element 117 by firing calcium-48 ions at 
berkelium (bottom). The results bolster predictions of an “island of sta- 
bility” (top), a group of long-lived superheavy isotopes. 


The evolution 
of an educator 


To do so, they looked at the chains of 
other elements produced as the radioactive 
atoms decayed toward stability. An isotope 
of 117 with 177 neutrons, for example, spits 
out alpha particles to metamorphose first into 
daughter nucleus 115 and later into dubnium 
(105) before fissioning. The elements in this 
chain—115, 113, 111, and so on—had all 
been made before. But the new versions had 
more neutrons than earlier ones did and were 
strikingly longer-lived—6000 times as long, 
in the of one isotope of element 111 

Those results fit with theorists’ current 
picture of heavy-element nuclei, says Witold 
Nazarewicz, a theoretical physicist at Oak 
Ridge and the University of Tennessee, Knox- 
ville. The theory predicts that certain so-called 
magic numbers of protons and neutrons con- 
fer extra stability to a nucleus. A magic num- 
ber at 184 neutrons, for example, ought to 
anchor an “island of stability,” a still-to-be- 
discovered group of long-lived superheavy 
isotopes that hold together for days, years, 
or even millennia. (In contrast, superheavy 
elements made so far have half-lives of frac- 
tions of a second.) The new Dubna results 
showing that added neutrons increase the sta- 
bility of heavy elements “suggest that the the- 
ory knows what it’s doing,” Nazarewicz says. 
“It’s encouraging 

Physicists at all three facilities agree that 
the way to reach the island of stability is by 
producing heavier isotopes of known ele- 
ments. That will require superb beams of 
radioactive elements unlike any now achiev- 
able, says Sigurd Hofmann, the head of heavy- 
element research at Darmstadt. Such beams 
may become available at labs like NSCL’s 
planned Facility for Rare Isotope Beams, cur- 
rently in the conceptual design phase, but they 
are still decades away, Hofmann says. 

Meanwhile, Nazarewicz says, efforts to 
create new elements will help theorists test 
their models of nuclear structure. But Dub- 
‘ontributions may just have 
come to an end: Rest S 
run out of useful actinide targets for its 
cium beam. To get element 119 would require 
working with cinsteinium, “a very complex 
task” that Dubna likely won't attempt, says 
Dubna’s director, nuclear physicist Yuri 
Oganessian, Element 120 is definitely out of 
range, he says. 

That opens the door to other approaches. 
The Darmstadt group plans to confirm 116 
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this summer by training a calcium beam on a 
radioactive curium target, says Hofmann; the 
technique could lay the groundwork for creat- 
ing 120 from curium with a chromium beam. 
The Berkeley team, which was devastated in 
2002 when it had to withdraw its claim on 
element 11 r critical data turned out to 
have been fabricated (Science, 19 July 2002, 
p. 313), is back in the game, recently confirm- 
ing Dubna’s element 1 14 with a calcium beam 


U.S. SCIENCE POLICY 


When success 


means almost 
No new patients 


and plutonium target. And a newcomer—the 
superheavy element lab at the Institute of 
and Chemical Research (RIKEN) in 
been instrumental in confirming 


not name a new element until a competitor 
repeats the finding. That could take years 
for element 117, says Dubna team member 


Engineering 
the apple 


Dawn Shaughnessy, a nuclear chemist at 
Lawrence Livermore National Lab in Liv- 
ermore, California. “It’s hard for someone 
to go to their management and say, ‘I want 
to do this long experiment just to verify this 
person's discovery,” she Still, confir- 
mation will come. “There may be rivalry, ... 
but we all have to work together if anyone 
wants credit.” 


LAUREN SCHENKMAN 


Obama Picks Pragmatists for New Bioethics Panel 


President Barack Obama named the mem- 
bers of his bioethics commi 
by two university presidents—las 
12-member group, selected more for practi- 
cal advice than for philosophizing, as the last 
one was prone to, will hold its first meeting in 
Washington, D.C., in July. 

Headed by Amy Gutmann, president of 
the University of Pennsylvania (Penn), the 
new Presidential Commission for the Study 
of Bioethical Issues succeeds the old Presi- 
dent’s Council on Bioethics, disbanded last 
June, Gutmann and her vice chair, Emory 
University President James Wagner, were 
named in November. Although the label is 
longer, the group itself is leaner, with a dozen 
members instead of the 18 under President 
George W. Bush. 

“Previous comm 
what too philosophically oriented,” pre 
tial science adviser John Holdren said las 
week, Bush’s council, headed successively by 
bioethicists Leon Kass of the University of 
Chicago and Edmund Pellegrino of George- 
town University, produced lengthy reports on 
topics such as “Being Human.” The new com- 
mission, in contrast, is expected to offer con- 
crete policy and legislative advice. Says White 
House aide Rick Weiss: “The hope is this will 
be perhaps a little more nimble.” He also says 
the commission is probably “unique histori- 
cally” for including several federal employee: 
Because the president wants practic: 
he wanted people “close to the ground” who 
understand the government’s labyrinthine 
ways, Weiss says. 

Gutmann, 60, is a prolific scholar and has 
an impressive reputation as a philosopher and 
political scientist. Prior to going to Penn in 
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Nelson Michael 
Daniel Sulmasy 


July 2004, she served as dean and then provost 
at Princeton University. She'll preside over 
an eclectic group of ph s (including a 
n friar), scientists, philosophers, and 
ers, aS We a patient advocate—the 
of boxing great and Parkinson’s victim 
Muhammad Ali. 

Gutmann is one of four commission mem- 
bers who are also fellows at the Hastin; 
Center in Garrison, New York. She’s “a 
cinating choice as chai Hastings Pr 
dent Thomas 
... delightful, 


the role of ethics” in Emory’s mission, 
ing to a White House statement. 

To me, it’s a very highly qualified, 
middle-of-the-road panel,” says Penn bio- 
ethicist Arthur Caplan. Although some crit- 
icized the Bush bioethics council for being 
stacked with conservatives, conservatives 


Retrovirologist 
Bioethicist 


BIOETHICS COMMISSION MEMBERS 


Amy Gutmann President University of Pennsylvania 

James Wagner —_President Emory University 

Lonnie Ali Muhammad Ali Enterprises 

Anita Allen Lawyer/bioethicist University of Pennsylvania 

Barbara Atkinson Vice chancellor University of Kansas Medical Center 
Nita Farahany Lawyer Vanderbilt University 

Alexander Garza Chief medical officer Department of Homeland Security 
Christine Grady Nurse/bioethicist National Institutes of Health 

Stephen Hauser Neurologist University of California, San Francisco 
Raju Kucherlapati Geneticist Harvard Medical School 


Walter Reed Army Institute of Research 
University of Chicago 


of them, but the records of achievement are 
great,” Bush council member Robert George, 
a Catholic legal scholar at Princeton, told the 
Christian news magazine World. 

It’s not known what the commission will 
tackle first, but as Caplan points out, the newly 
passed health care legislation offers much food 
for discussion on matters relating to privacy, 
limits of coverage, and “the much-despised 
word ‘rationing.’ ” And that raises a crucial 
issue in the opinion of bioethicist Norman Fost 
of the University of Wisconsin, Madison, Fost 
observes that for all their expertise on cloning, 
bioterror, underserved groups, or the rights 
of research subjects, none of the commission 
members is deeply conversant with the eco- 
nomic issues surrounding health care finane- 
ing, cost control, or rationing of care. Yet, he 
says, “the overwhelmingly most serious issue 
inhealth ... is costs:”  —CONSTANCE HOLDEN 
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FUSION SCIENCE 


Blast off. A new U.S. audit 
criticizes the most energetic 
laser ever built. 


Report Calls for Improvements 
At Livermore's Giant Laser 


Will the world’s biggest laser—designed 
to simulate the nuclear fusion that occurs 
in stars and thermonuclear weapons—ever 
work as advertised? A new U.S. government 
audit of the National Ignition Facility (NIF) at 
Lawrence Livermore National Laboratory in 
California says the $4 billion behemoth faces 
“scientific and technical challenges and man- 
agement weaknes: But scientists associ- 
ated with the project believe that the machine 
will do great science if Congress gives it a 
chance to flex its muscles. 

NIF’s 192 lasers focus on a thimble-sized 
target in which various types of hydrogen 
atoms, under incredible heat and pressure, 
are meant to undergo fusion. That accom- 
plishment, called ignition, would allow 
researchers to better monitor aging nuclear 
weapons, understand processes in the cores 
of and planets, and point the way toward 
clean, cheap energy. The project has encoun- 
tered repeated delays since construction 
began in 1997, however, and its cost has more 
than doubled, Last year, it was formally dedi- 
cated (Science, 17 April 2009, p. 326) with 
the hope of performing ignition experiments 
sometime in 2010. 

But the path to ignition still has some 
bumy s the Government Accountability 
Office (GAO) in a report issued last week.” 
Although GAO said the project had “made 

y among the serious problems it 
identified was the machine’s capability to 
hoot at full energy. Congress funded NIF to 
fire at 1.8 megajoules (MJ). But GAO found 
that problems with laser optics that were iden- 
tified years ago have continued to limit the 
machine’s 192-beam shots to 1.3 MJ or less. 

That shortfall is serious because higher 


& 
¢ 


*www.gao.gov/new.items/d10488.pdf 
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energies improve NIF’s chances of suc: 
(At the same time, the laser’s optical equip- 
ment is more prone to damage at higher 
energies, and NIF is utilizing a 4-month 
pause to work on the problem.) Indeed, said 
GAO, experts “are concerned” that energy 
losses or damaged optics would doom igni- 
tion experiments, undermining NIF’s value 
in weapons scienc 


GAO also said that the Department of 


Energy’s National Nuclear Security Admin- 
istration (NNSA), which funds the project, 
had failed to manage it properly. One major 
example: NNSA took 4 years to appoint a 
standing review committee after outside 
advisers recommended the need for inde- 
pendent oversight. 

Raymond Jeanloz, a physicist at the Uni- 
versity of California, Berkeley, thinks gov- 
ernment auditors have given the project a 
bum rap. In the past 5 , scientists at 
NIF developed new means 
repairing glass optics without replacing them, 
says Jeanloz, who hopes to use the machine to 
study proces . The 
char ¢ NIF a fighting chance of achiev- 
ing its 1.8-MJ goal. NIF officials also say 
that it may be possible to achieve ignition at 
. Even at 1.3 MJ, Jeanloz points 
out, the laser is roughly 40 times more ener- 
etic as any other such machine. “You want 
the best value for the taxpayer, of course, ... 
but we really don’t know what will work at 
these enet 

NIF officials defend their management 
decisions. And they face little heat from fed- 
eral lawmakers, who can do little to influence 
the project at this point short of shutting it 
down. So Jeanloz says it’s time to let the sci- 
enti 


in the interior of planets 


lower ene 


cience” and then 
—ELI KINTISCH 


‘see what happens. 
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When Social Fear Disappears, 

So Does Racism 

Children with a genetic condition that quells 
their fear of strangers don’t stereotype 
based on race, according to a new study. 
The findings support the idea that prejudice 
stems from fear of people from different 
social groups, although some researchers 
question how well the new study supports 
that conclusion. http://bit.ly/socialfear 


Cholesterol Genetically Linked 

To Eye Disease 

Two genetic studies involving thousands 

of participants suggest that age-related 
macular degeneration, an eye disease com- 
mon among the elderly, is tied to a gene 
that helps regulate “good” cholesterol. The 
studies present the first genetic evidence of 
a link between cholesterol and the disease, 
and they may lead scientists to identify new 
targets for therapy. http://bit.ly/eyedisease 


Does Our Universe Live Inside 
AWormhole? 

Along time ago, in a universe much larger 
than our own, a giant star collapsed. Its 
implosion crammed so much mass and 
energy together that it 

created a wormhole 

to another universe. 

And inside this worm- 

hole, our own universe 

was born. It may seem 

fantastic, but a theo- 

retical physicist claims 

that such a scenario 

could help answer some of the most 
perplexing questions in cosmology, 
http://bit.lywormholes 


Earth-Like Planets May Abound 
In Milky Way 

Observations of formerly sunlike stars called 
white dwarfs suggest that the overwhelming 
majority of them once harbored at least one 
rocky world. And because sunlike stars could 
account for up to half of the Milky Way's 
population of several hundred billion suns, 
that means thousands or even millions of 
civilizations might inhabit our galaxy. 
http://bitly/earth-like 


For the full postings and more, go to 
news.sciencemag.org/sciencenow. 
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NEWSMAKER INTERVIEW 


Sean Carroll and the Evolution of an Education Maven 


With a paper last week in Nature, 
Sean Carroll would seem to be at 
archer, 
about to take a 


he day before the paper 
appeared, Carroll, a molecular 
biologist at the University of Wis- 


president for science education 
at the Howard Hughes Medical 
Institute. HHMI President Robert 
Tjian says it’s a tribute to his wide- 
ranging interests and to the success 
Carroll has enjoyed in both arenas. 
“He most closely matched the 
totality of attributes that we were 
searching for,” says Tjian. 

A member of the U.S. National 
Academy of Sciences, the 49-year- 
old Carroll is a pioneer in the field 
of evolutionary development. 
(His most recent paper describes how the 
polka dots on a fruit fly wing were patterned 
according to the distribution of a molecule 
involved earlier in the fly’s development.) He 
has become increasingly engaged with public 
education over the past 6 years. His Remark- 
able Creatures: Epic Adventures in the Ori- 
gins of Species was a 2009 National Book 
‘Award finalist, and last fall he began writing 
a monthly column for The New York Times. 
Last month, he received the 2010 Stephen Jay 
Gould Prize for his outreach efforts. Already a 
longtime HHMI investigator, Carroll this fall 
will succeed Peter Bruns as head of the insti- 
tute’s $75 million education portfolio. 

Science educator Toby Horn of the 
Carnegie Institution for Science in Washing- 
ton, D.C., is thrilled with Carroll’s new job. 
“He’s really there for teachers,” she s: 
biologist Susan Wes 
Georgia, Athens, who has had HHMI sup- 
port for her undergraduate teaching but was 
worried because HHMI has recently reduced 
support for that program, is also pleased. “It 
sends a very strong message that they are seri- 
ous about science education. For those of us 
who had concerns, we are assuaged.” 

Science caught up with Carroll last week 
to ask him about his new job. 

~ELIZABETH PENNISI 


Q: What's the most effective way to do sci- 
ence education? 

$.C.: It’s a big landscape. There’s a continuum 
there, which is young kids that you want to 
inspire to have a curiosity about science, 


Career shift. Sean Carroll will be spending less time in the lab and more time 
‘on science education. 


slightly older kids that if they are curious 
about science, you want to encourage them 
on that path, and then kids who are commit- 
ting to paths in science, [making sure] that 
they get inspiring and effective instruction, 
mentoring, hands-on research experience, et 
cetera. That's why Hughes is doing lots of dif- 
ferent things, as is the National Science Foun- 
dation [NSF], as are other organizations. 


Q: How does NSF's mission differ from what 
HHML is trying to do? 

S.C.: HHMI research funding operates on 
a fundamentally different principle from 
government funding by backing people, 
not specific projects. And HHMI explicitly 
encourages major risk-taking. On the edu- 
cation front, HHMI has the same latitude. 
Think of HHMI as a venture capitalist. We 
and our grantees can try a lot of different 
ideas and approaches. 


Q: What has been your most rewarding sci- 
ence education experience? 

S.C.: I think the most rewarding for me 
has been contact with teachers. Now th: 
probably mostly high school teachers. I 
think they are a really important and valu- 
able constituency. 


Q: What are their biggest concerns? 

S.C.: Well, we probably were brought 
together over the teaching of evolution. That 
was issue [number] one, ... because biol- 
ogy without evolution is kind of like physics 
without gravity. It’s also sort of a canary in 


the coal mine for the state of sci- 
ence education. Th ‘0 much 
propaganda against evolution, 
but you see the same sort of tech- 
niques being used against climate 
science or stem cells or whatever 
it might be. 


Q: What are your plans for 
Hughes? 

S.C.: I would say one of the most 
obvious differences, I think, 
between the research community 
that I’m part of and the education 
community is that in the research 
community, when anyone has a 
new tool, a new widget, it often 
spreads like wildfire. But I think 
in education, it’s a little different. 
I think campuses have a more 
local focus. And yet, when it 
comes to teaching, obviously, what works in 
Alaska can work in Arkansas and can work 
in Pennsylvania. I think Hughes can play a 
role in disseminating good ways of doing 
things. One of my interests is general public 
science education, so I think we'll be look- 
ing for ways to expand our presence there. 


Q: Has the amount of time you've actually 
spent doing research changed in the last 
5 years, and will it change again in this 
new job? 

S.C.: I'm going to spend 80% of my time 
in the science education role with Hughes. 
I'll maintain a lab, but | know there’s a clear 
delineation of where my effort’s going to be. 
The University of Wisconsin has released 
me from teaching. So I’m not going to be in 
the classroom here. 


Q: Why would a master educator abandon 
the classroom but remain active in the lab? 
S.C.: It is not a matter of abandoning [the 
oom], it is really a matter of schedul- 
ing. It is not realistic to carry out this job and 
to teach on a typical Monday, Wednesday, 
Friday schedule. Moreover, it is very impor- 
tant to recognize that classroom teaching 
is not the only way to contribute to under- 
graduate education; in my case books and 
textbooks, articles, DVDs, TV programs, 
and public lectures all reach undergraduates 
here at Wisconsin and beyond. So, no, it is 
not a matter of valuing research over teach- 
ing, it is a matter of managing a breadth of 
activities in the time available. 


(CREDIT; JEFF MILLER/UNIVERSITY OF WISCONSIN, MADISON 
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AGRICULTURE 


Biotech Crops Good for Farmers and 
Environment, Academy Finds 


Fourteen years after genetically engineered 
crops began to take off in the United States, 
the overall benefits to farmers are clear, 
according to a new report from the National 
Research Council (NRC) of the National 
Academies. The shift from conventionally 
grown crops has paid off economically and 
environmentally, says the panel. “We can 
stop arguing about whether the environ- 
mental and economic impacts are signifi- 
cant,” says agricultural economist Nicholas 
Kalaitzandonakes of the University of Mis- 
souri, Columbia, who was not on the panel. 

The debate about impacts of geneti- 
cally engineered crops on farms has been 
driven in part by the variability of agricul- 
ture. Whether a study shows that a farmer 
benefits from going biotech can depend 
on the particular crop, location, and fac- 
tors such as the abundance of pests. In the 
past, some researchers and advocates have 
cherry-picked data to back their views about 
whether or how much the technology helps 
farmers, Kalaitzandonakes says. 


GOING green Rather than plowing, farmers Eh conteat 
Weeds by spraying bioteeliicrops withRerbicides,.which 
t il ecosidW And-reduxes fuel costs. 


The NRC panel sifted through the peer- 
reviewed literature before coming to its 
main conclusion. Most of the impacts are 

4 relatively straightforward, at least in prin- 
§ ciple. When corn is enhanced with a bac- 
# terial gene for a toxin that kills insects, for 
= example, farmers can spray less of danger- 
§ ous insecticides, which is good for their bot- 
8 tom line and for wildlife. Another common 
3 approach—soybeans outfitted with a gene 
§ that renders them immune to the herbicide 
4 glyphosate—reduces the need to till fields 


® +The Impact of Genetically Engineered Crops on Farm 
§ Sustainability in the United States. The National 
& Academies Press, 2010. 
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to control weeds, resulting in less soil ero- 
sion. The overall amount of herbicide used 
has increased because glyphosate-resistant 
biotech crops can be sprayed with impunity, 
but glyphosate has generally replaced more 
toxic herbicides. 

Still, many effects need to be better stud- 
ied. Reduced tillage could offer the “largest 
single environmental benefit of GE crop: 
the panel found, because it should mean less 
sediment, fertilizer, and pesticides washing 
into streams. But this hasn’t been proven, so 
the panel recommends that the U.S. Geologi- 
cal Survey investigate the impact of reduced 
tillage on water quality. 

The panel also warns that existing gains 
aren’t guaranteed. For instance, insect or weed 
resistance could render genetically engineered 
crops ineffective and force farmers to resume 
using more toxic chemicals (Science, 25 May 
2007, p. 1114). Economist Paul Mitchell of 
the University of Wisconsin, Madison, agrees 
that more needs to be done to slow the evo- 
lution of resistant weeds, such as spraying 
more than one kind of 
chemical. “Glyphosate is 
a once-in-a-century her- 
bicide,” Mitchell says, 
referring to its relatively 
benign side effects, The 
risk of losing it is a major 
worry, he says, although 
new kinds of crops could 
help thwart resistance. 

Another concern is 
that industry mergers 
and the dominance of a 
few players might stifle 
competition, an e the 
Department of Justice is 
examining, “If we're going to spur innovation, 
we need a very competitive industry,” says 
economist David Ervin of Portland State Uni- 
versity in Oregon, who chaired the panel. 

Biotech corn, soy, and cotton are firmly 
entrenched in the United States, but the 
report could help win support for other 
engineered crops, such as wheat and pota- 
toes, observers say. And it could help inform 
policymakers in countries trying to weigh 
environmental benefits and risks of biotech 
crops. “Most of these countries around the 
world are looking at us in terms of resolving 
the debate,” Kalaitzandonakes says. 

—ERIK STOKSTAD 
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Sciencelnsider 


From the Science 
Policy Blog 


Prominent Old Testament scholar Bruce 
Waltke has been forced to resign from the 
Reformed Theological Seminary, an evan 
gelical seminary with a branch in Oviedo, 
Florida, after saying evangelical Christian- 
ity is going to be sidelined as a “cult” if it 
denies evolution. A video of the talk was 
made during a workshop at the BioLogos 
Foundation. http://bit.ly/bBGIPn. 


Ethiopia has launched its first science acad- 
emy. The independent Ethiopian Academy 
of Sciences in Addis Adaba will provide 
advice to the government and promote sci- 
ence, technology, and science education. 
Demissie Habte, a pediatrician, has been 
elected president. http://bit.ly/anrAli 


The United States has forsworn nuclear attack 
against nonnuclear countries as long as they 
comply with their nonproliferation commit- 
ments under different international trea- 

ties. The new policy, part of a long-awaited 
Nuclear Posture Review, would preclude 
launching a nuclear offensive against any 
country in retaliation to a chemical or biologi- 
cal attack. http:/bit.ly/amLIRy 


Aresounding majority of members of the 
London-based Royal Institution have 
voted to retain its current governing coun- 
cil. The vote quashes an effort to turn back 
the council's recent dismissal of controver- 


sial director Susan Greenfield. 
http://bit.ly/9WM99L 


U.S. Energy Secretary Steven Chu said he 
plans to proceed with the termination of 
Nevada's Yucca Mountain nuclear waste 
repository despite congressional opposition. 
“We believe we do have the legal authority to 
do this,” Chu said. http://bit.ly/desnkv 


After Sciencelnsider asked readers for ideas, 
blog commenters proposed the following 
names for newly discovered element 117, 
among others: StevenColbertium, Perel- 
manium (after the mathematician Grigori 
Perelman), Dubnaium (after the town in Rus- 
sia where the element was discovered), and 
Chrysanthemum. http://bit.ly/dqUYbK 


For the full postings and more, go to 
news.sciencemag.org/scienceinsider. 
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ASTRONOMY EDUCATION 


Telescopes for the People 


The International Year of Astronomy (IYA) 
2009 has come and gone, but Rick Fienberg 
is still catching his breath. As leader of the 
ope project, one of the most ambi- 
tious parts of the global IYA campaign, his 
work was supposed to be wrapped up by 
now. The original goal was to put telescopes 
in the hands of the millions of people attend- 
ing IYA events. But then the global financial 
crisis hit. The scientists on Fienberg’s team 
were forced to become instant entrepreneurs. 
to keep the Galileoscope project alive. One 
“insane” year later, they’ve pulled it off. “It 
has had a truly global impact. Pedro 
Russo, the coordinator of the 1YA based in 
Garching, Germany. 

The ultimate aim of the [YA was “to help 
the citizens of the world rediscover their 
place in the universe.” What better way 
that than give them their own tel 
Fienber, that when he proposed the idea 
at an astronomy meeting 3 years ago, 
immediately embraced.” And as the long- 
time editor of Sky & Telescope magazine, 
Fienberg had all the right connections to 
make it happen. The plan was to use “start- 
up money from a major donation,” he says, 
and then partner with “an existing commer- 
cial telescope manufacturer so we could take 
advantage of their distribution network.” 

The device had to be powerful enough 
for people to see what Galileo first saw 
400 years ago—the lunar landscape, the 
rings of Saturn, the moons of Jupiter 
but also cheap enough to distribute, says 
Fienberg, “especially in developing coun- 
joined by Stephen Pompe 
tronomer at the U.S, National Opti- 
cal Astronomy Observatory in Tucson, / 
zona, and Douglas Arion, an astronomer at 
Carthage College in Kenosha, Wisconsin 

Because seeing the innards of the tele- 
scope would be as important for education 
as viewing celestial objects, the instrument 
would be taken apart and put back ‘ 
together on a daily basis—and On 
yet it must cost no more than $30. 
(Charitable support would drive 
the price of the telescopes below 
$10.) The solution was a plastic 
clamshell design with the lenses 
locked in place by internal slots. Engineer- 
ing by their manufacturing partner, Thomas 
Smith, the owner of U.S. company Merit 
Models, proved crucial, says Arion, ensur- 
ing that “all the tolerances were met [and] the 
parts fit together well.” 


Ine 
gonzoscientist.org 


Introducing 
villagers to 
telescopes in Senegal. 


The final instrument was far more pow- 
erful than Galileo’s telescope. Rather than 
a 20-fold magnified view of 10 arc minutes 


of sky—far narrower than the face of the 
moon—the Galileoscope was designed to 
magnify as many as 50 times and comfort- 


ably take in the full moon in a single view. 


Stargazing. Middle school students peer through Galileo- 


scopes at the Arizona state capital in March. 


Galileoscope also correct 
Hed chromatic aberrations 
at Galileo’s original telescope produced. 
By late 2008, they had a prototype 
Galileoscope ready to go. And that’s when 
the financial floor fell out from under them. 
In the wake of the financial crisis. 
Fienberg, “the donation didn’t materialize, 
and telescope manufacturers 
lost interest in working with us 
ona project that wasn’t designed 
tomake any real money.” At that 
point, they might have thrown in 
the towel, but the Galileoscopes 
were already lo 
nerstone project” of the l'Y/ 
“So three of us formed our own new com- 
pany, Galileoscope LLC.” 
The business faced a daunting challenge. 
“We had no cash, no capital, and with no profit 
to be made and no assets, no realistic way to 


.” says Arion. So the trio spent a 
significantamount of their own money to cre- 
ate the tooling to manufacture the Galileo- 
scopes. They built a Web site that could han- 
dle orders, “and then we bootstrapped from 
using funds from orders to pay for 
inventory, says Arion. “That’s the primary 
reason why the delivery schedule has been, 
shall we say, sporadic.” Fienberg, Pompea, 
and Arion prefer not to disclose how much 
money they each “loaned” the Galileoscope 
project, but they hope “to get it back 
out” in the near future. 

By the time the IYA launched in 
January 2009 with global fanfare, the 
Galileoscopes were far from ready. 
The first orders weren't met until 
July. Some of the gap was filled by 
parallel efforts in the United King- 
dom and Japan, which distributed an 
existing telescope kit to schools in 
Asia and Africa. 

After the summer, huge waves 
of Galileoscopes finally went out 
around the globe. Norway bought 
15,000 of them. Brazil bought 
20,000. By the end of last year, 
140,000 Galileoscopes were deliv- 
ered. Orders for another 40,000 will 
be fulfilled in the coming weeks, 
pushing the total to 180,000. “Pretty 
good considering the late start we 
got,” says Fienberg. And because most 
of the telescopes went to “schools, 
planetariums, and science museums, 
they'll be used by dozens or hun- 
dreds of people each,” he adds. 

The Galileoscopes are already 
taking on a life of their own, “This 
spring, 15,000 telescopes will be 
distributed to teachers nationwide,” says 
Pompea, with workshops organized through 
the National Earth Science Teachers Associ- 
ation. Meanwhile, Chi-kwan Chan, an astro- 
physicist at Harvard University, is preparing 
to take a Galileoscope across North Amer- 
ica by bicycle. He'll be teaching astronomy, 
measuring light pollution, and sharing astro- 
nomical photographs on a live blog (www. 
bikexus.blogspot.com). “Yes, | am a geel 
says Chan. 

But the future of the Galileoscope proj- 
ect is uncertain. The hope is to keep produc- 
ing the telescopes, “but we can’t maintain 
the level of volunteer effort we've put in dur- 
ing the past year,” says Fienberg, who is now 
director of outreach for the American Astro- 
nomical Society. The team is hunting for an 
organization or company willing to take over 
their labor of love. So far, no takers. 

-JOHN BOHANNON 


there,” 
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NEUROSCIENCE 


New Guidelines Aim to Improve 
Studies of Traumatic Brain Injury 


Iv’s still dark outside as neurosurgeon 
Geoffrey Manley greets a visitor in the 
lobby of San Francisco General Hospital. 
“It's been a busy night,” Manl An 
overnight rain has made the roads slick. 
“We just got a guy who was ejected from 
the back of aca 
n't wearing as 
he U.S. Centers for Disease Control and 
Prevention estimates that 1.7 million Amer- 
icans suffer a traumatic brain injury (TBI) 
each year in car accidents, falls, or other 
mishaps. Unfortunately, the doctors who 
treat them have limited options. Despite 
promising leads from animal research, doz- 
ens of drugs intended to protect the brain 
after injury have failed in clinical tri 
Manley thinks part of the problem is an 
outdated system used to classify TBI patients 
for trials. (For a perspective on obstacles to 
drug development, see the 14 April issue of 
Science Translational Medicine). Manley 
has been a leading force in an initiative to 
improve the way TBI patients are character- 
ized for clinical trials and other studies. A 
rough draft of new guidelines was released 
on | April by one of the project’s sponsors, 
the National Institute of Neurological Disor- 
ders and Stroke,” and they will be described 
in detail later this year in a special issue of 
the Archives of Physical Medicine and Reha- 
bilitation, Manley 


California, San Francisco, recently r 
a $4.1 million Grand Opportunities Grant 
from NINDS to study at four U.S. medical 
centers whether it’s feasible to collect up to 
500 pieces of information on individual TBI 
patients and to standardize brain s 
other measurements so they can be com- 
pared across centers, If it succeeds, the proj- 
ect’s leaders hope the methodology will be 
widely adopted. 

One of the primary tools now used to 
sess TBI patients, the Glasgow Coma 
Scale (GCS), been in use since the 
1970s, It rates patients’ eye movement: 
limb movements, and speech. Scores rang 
from 3 (comatose) to 15 (fully awake and 
responsive). Doctors describe patients’ 
injuries as mild (13 or above), moderate (9 
to 12), or severe (8 or below), and research- 
ers use these groupings in clinical trials and 


and 


ans 


(CREDIT: LEONARD ORTIZ/ ZUMAWIREWESTPHOTOS/NEWSCOM 
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observational studies. Sort- 
ing patients by their GCS 
scores maki ense when 
you're triaging patients in 
the emergency room at 3:00 
a.m., si Manley, but it’s 
an awfully coarse tool for 
arch: “We're taking one 
of the most complex, het- 


re: 


erogeneous disorders in the 
most complex organ in body 
and dumbing it down to mild, 
moderate, and severe.” 

Two people with the same 
GCS score can have very dif- 
ferent brain injuries, Manley 
says. One patient, forexample. 
might have a subdural hema- 
toma, an expanding pool of 
blood between the protective 
layers surrounding the brain, 
whereas another might suffer 
from diffuse axonal injury: 
extensive damage to the white matter tracts 
that convey signals from one brain region to 
another. Grouping together two such patients 
in a drug trial may dilute any therapeutic 
effects, because a drug that helps patients 
with subdural hematoma would likely have 
a mechanism very different from one that 
helps patients with diffuse axonal injury. 

Several types of TBI can easily be distin- 
guished by CT scans, which have become 
routine in the decades since the GCS was 
developed. Although the scans are often 
used to diagnose patients in the hospital, 
they’re rarely used to sort patients for clini- 
cal trials or other studies, says Manley, who 
would like to change that. This can be tough 
to do retrospectivel 
his pilot study is to si 
and other measurements taken shortly after 
an injury so that they can be used to sort 
patients for research. 


andardize CT scans 


ful for 
characterizing patients is one goal of the 
NINDS “common data elements” project, 
which is also sponsored by four other agen- 
cies, including branches of the Department 
of Defense and the Department of Veter- 
ans Affairs, whose interest in TBI has 
surged with the tide of soldiers returning 
home from Iraq and Afghanistan with head 
injuries. The first draft contains checklists 
for collecting several categories of patient 


Deciding which data are most us 


but part of the goal of 
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A good outcome. Linda Sparks of Huntington Beach, California, holds 
a photograph of herself unconscious in the hospital with a TBI caused 
by a car accident. 


information, from demographic details to 
neurological symptoms and CT results. 

Andrew Maas, a neurosurgeon at Uni- 
versity Hospital Antwerp in Belgium, 
helped draft the new guidelines and hopes 
they can be applied globally to make it eas- 
ier to compare findings across studies. He 
and colleagues recently analyzed data sets 
for 11 large TBI observational studies and 
clinical trials in Europe and North Amer- 
ica. It was far more work than his team 
imagined because the studies differed in 
which variables they measured, how they 
measured them, and how they were coded 
in their database. “It took 10 person-years 
just to transform the data into a format we 
could work with,” he . 

Still, the utility of the guidelines will 
depend on how they're used, says John Whyte 
of Moss Rehab, a rehabilitation center in 
Elkin Park, Pennsylvania. There needs to be 
a balance between standardizing data collec- 
tion and bogging down researchers with long 
lists of data elements that may or may not be 
relevant for a given study, Whyte says. 


Meanwhile, as Manley leads a cluster of 


medical residents on rounds, each patient 
they visit illustrates how a life can be altered 
inan instant bya fall, a crash, oreven a punch 
to the head. Some are likely to recover; oth- 
ers aren't. For all of them, better science can’t 
~GREG MILLER 


come soon enough. 
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Chasing a Disease 
To the Vanishing Point 


Genetic testing is making a rare disease, familial dysautonomia, even 
rarer. At the same time, more tools than ever are available to study it 


NEW YORK, NEW YORK—When suite 9Q in 
the neurology department emptied out a few 
years ago, Felicia Axelrod knew that this clus- 
ter of offices and exam room: destined 
to be hers. “I had to have it,” says Axelrod, a 
pediatrician at New York Univ Langone 
Medical Center in New York City, whose 
diminutive stature belies her resolve. She met 
with the neurology chair to press for a move 
from the third floor, “I was a pit bull,” she says. 
Axelrod ensconced in 9Q—making 
sician in nthe zcounhy, 


40 ye: Forse ca amilial ns sautonomia, 
located on chromosome 9Q31. 

Familial dysautonomia (FD) brutalizes 
autonomic and s 


the 


hey lack sensitivity 
ving them at risk of burns and bro- 
and their blood pressure swings 
from extreme highs to faint-inducing lows. 
As one researcher puts it, patients with FD are 
“at the mercy of their emotions” because their 
blood pressure and heart rate are improperly 
regulated. Excitement about a birthday party, 


or anxiety about a school test, can send them 
into paroxysms of retching, drooling, nausea, 
and soaring blood pressure, a state known as 
crisis. “The first crisis I saw, I got so scared,” 
ys Horacio Kaufmann, a neurologist who 
works with Axelrod. “I thought the patient 
was going to explode.’ 

Most physicians have never seen a per- 
son with FD. That’s because nearly all of 
them find their way to Axelrod, 
who opened her FD clinic back 
in 1970. But there’s 


another rea- 


Online 


able or soon will be (see sidebar, p. 300). 
In 2001, the American College of Obstetri- 
cians and Gynecologists recommended that 
before having a child all couples be offered 
carrier testing for cystic fibrosis, the first 
such push to make carrier testing available 
to everyone. Last year, a California com- 
pany called Counsyl began selling a genetic 
test for $349 that screens for mutations for 
more than 100 genetic diseases. Technology 
has advanced to the point that once an indi- 
vidual is being tested for one gene mutation, 


it’s easy to include dozens more. Some of 


these diseases will become extraordinarily 
rare—as FD has—though they may never 
vanish complete! 

What does this mean for patients and 
families living with these conditions, and 
for physicians and researchers who have 
dedicated their careers to them? The com- 
munities are better off but 
shrinking at the same time 
“We're entering the era of rare 


son FD patients don’t show up in Sclencemag.org Giese research and treatment,” 
RH Podcast interview 3 
waiting rooms: The rare disease FR Podcast int says Steven Walkley, a neuro- 


has gotten even rarer, tha 
widespread genetic testing that 
has led prospective parents with the gene to 
avoid or terminate affected pregnancies. FD 
is almost exclusive to the Ashkenazi Jewish 
community. The FD gene was reported in 
January 2001, and within months the push 
for cartier testing began. The result: In 2009, 
only five new FD cases were diagnosed in 
the world, down from about 15 or 20 a year 
in the 1990s. 

FD is just one of a rapidly expanding set 
of dise: for which carrier testing is avail- 


S tO Jennifer Couzin-Frankel. 


ntist at Albert Einstein Col- 
lege of Medicine in New York 
City who has studied Tay-Sachs disease 
and related conditions. In August, the L 
National Institutes of Health (NIH) awarded a 
consortium $3.5 million to develop gene ther- 
apy for Tay-Sachs. Last year, approximately 
11 children in the United States were diag- 
nosed with the disease, down from about 100 
per year before prenatal testing began. 
The same trend affects FD. In Axelrod’s 
waiting room, a toy wooden kangaroo and 
plastic stacking cups still sit on a miniature 
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Memories. These days, few new faces are added 
to a waiting room collage of familial dysautono- 
mia patients. 


table with chairs, but few young children 
come through the door these days. The aver- 
age age of patients isnow 17. The Dysautono- 
mia Foundation, the advocacy group in New 
York City that has funded Axelrod’s clinic 
from the start, is struggling to raise money. 
Atthe same time, in the past 3 years the clinic 
has expanded, hiring Kaufmann and his wife, 
Lucy Norcliffe-Kaufmann, both of whom 
study autonomic syndromes, and filling 
a room with high-tech equipment. The 
group belongs to a newly minted NIH- 
funded consortium studying rare auto- 
nomic diseases and recently scored a grant 
from the U.S. Food and Drug Administra- 
tion (FDA) to test a 40-year-old drug for 
Parkinson’s disease in their patients. The 
irony is that the expanded resources serve 
a dwindling pool of FD patients. 


Untilled terrain 

When Axelrod began working on FD, 
half of her patients died by the age of 5; 
now half make it to 40. She and her hus- 
band, an obstetrician who delivered the 
first baby born to a woman with FD, in 
the late 1970s, have always lived across 
the street from the hospital, in an apart- 
ment complex Axelrod looks onto from 
her office window. Her oldest patient 
is now 65. “She’s the only pediatrician 
who has patients who have gone through 
menopause,” says David Brenner, execu- 
tive director of the Dysautonomia Foun- 
dation, “because she’s had them since 
they were little kids, and she won't give 
them up.” Axelrod diagnosed Brenner’s 
22-year-old son Michael with FD when 
he was 2 years old. 

But after going it alone for so long, 
Axelrod concluded a few years ago that 
she needed help. Although the number of 
new FD cases had shrunk to close to zero, 
she was still treating several hundred teenag- 
ers and adults to whom she felt overwhelm- 
ing responsibility, Meanwhile, the nature of 
the disease was shifting in ways she didn’t 
understand, Patients were developing kidney 
failure, which Axelrod hadn’t seen before. 
(Three have had transplants.) Some died 
suddenly of cardiac arrest, including, last 
month, a 28-year-old vacationing in Amster- 
dam with his parents. Axelrod wanted to find 
a physician with expertise in treating auto- 
nomic disease in adults. 

“A lot of people would say, ‘You're out 
of your mind because you're betting your 
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career on a disease that’s disappearing, ” 
says Kaufmann, an Argentinean with close- 
cropped gray hair and blue eyes who came 
to the United States in 1981. He had what 
he describes as a cushy job in an endowed 
chair at Mount Sinai Medical Center on the 
posh Upper East Side of Manhattan. He left 
it 2% years ago, he says, after much “win- 
ing and dining” by the determined Axelrod, 
who persuaded him to throw himself into 
FD research. 

many others who end up devoting 
s to rare dis Kaufmann was 


FD Cases Worldwide 


Intensified focus. Felicia Axelrod recruited Horatio 
Kaufmann to step up work on FD; cases, meanwhile, have 
declined since carrier testing began (red arrow). 


quickly hooked. FD was like nothing he'd 
seen before, and the untilled tract of medicine 
captured his imagination. He recruited 50 
of Axelrod’s pati by far the largest FD 
cohort in a research study- 
tests to better define the disease. 

Kaufmann presented his findings this 
week at a neurology meeting in Toronto, Can- 
ada. Among other things, Kaufmann says he 
discovered that FD patients in crisis produce 
large amounts of dopamine—something also 
seen in Parkinson's patients given levodopa, 
adrug that is converted to the neurotransmitter 
dopamine. Although extra dopamine coun- 
ters the effects of Parkinson's, it also causes 
constant vomiting: Parkinson’s patients get a 


for a battery of 
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drug called carbidopa to block the produc- 
tion of dopamine from levodopa outside 
the brain. Carbidopa is never given alone, 
but Kaufmann wondered if it should be in 
those with FD. The center received almost 
$200,000 from FDA to find out, and it will 
begin testing the drug this month. 

Deciding where to focus funding fora dis- 
ease like difficult. Does it make sense to 
invest in better managing it in young adults, 
as Kaufmann wants to do with carbidopa, or 
to focus on a cure in younger patients, who 
are healthier but few? “You can’t pick,” 

ike saying which child 
do you love more,” the 3-year-old or the 
23-year-old? 

Brenner at the Dysautonomia Founda- 
tion agrees. “As long as there’s one new 
baby born, you want to find a therapy 
that will stop the disease in its tracks,” he 
says. But already, with so few FD births, 
the Dysautonomia Foundation is finding 
it tougher and tougher to sustain interest 
in FD. “This is a real challenge,” Brenner 
says. “Raising money is easier when 
you have more patients, and when those 
patients are very sick, young children. It’s 
hard to resist giving money to help chil- 
dren survive.” Furthermore, as science 
has advanced, the research needs—drug 
development and animal work—have 
grown more expensive. 

The foundation has tried to be more 
creative about its fundraisers, arrang- 
ing bowlathons and cycling tours, and 
it is still raising between $1 million and 
$2 million a year. 

Although winning grants remains an 
uphill battle, diseases like FD are receiv- 
ing more government support, even as 
they grow rarer. If peer reviewers back a 
proposal, “we do fund them,” says Danilo 
Tagle, the program director in neuro- 
genetics at the National Institute of Neuro- 
logical Disorders and Stroke in Bethesda, 
Maryland. His portfolio includes Tay-Sachs, 
for which the institute last summer awarded 
$3.5 million over 4 years for a new gene- 
therapy effort. “Knowledge of this disease 
will contribute to any number of disorders,” 
says Tagle, explaining why the agency would 
pour so much money into a disease whose 
caseload has dropped so much and which is 
preventable with genetic testing. 

Those working in rare diseases are frus- 
trated by talk of their disappearance. That's 
because, they say, diseases like FD are 
unlikely to vanish, and studying them holds 
much value. It “tells us a lot about devel- 
opment and basic biology,” says Susan 
Slaugenhaupt of Massachusetts General 
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Screening Disease Away 


For familial dysautonomia (FD), the goal of screening potential carriers 
has always been clear: prevent new cases. “I can’t imagine an FD parent 
saying there’s a good reason” to have more babies born with the dis- 
ease, says Amelia Peck, a curator at the Metropolitan Museum of Art in 
New York City whose 18-year-old daughter, Alice Altshuler, has FD. 

When it comes to genetic diseases, deciding who to screen can be 
difficult. Many early programs targeted specific populations whose 
members are more likely to carry the disease mutations. In the early 
1980s, for example, with broad community support, the government 
of Cyprus launched an unusual mandatory screening program for the 
blood disease beta-thalassemia, which was so prevalent that 1 in 150 
babies were being born with it on the island. With screening, the disease 
virtually disappeared. The Jewish community began aggressive enzyme 
testing for Tay-Sachs in the early 1970s, and that disease has almost 
vanished among Jews. 

But Tay-Sachs shows up in non-Jews as well. While about 1 in 27 Ash- 
kenazis are carriers, about 1 in 250 in the general population are. Most 
new cases of Tay-Sachs are now in non-Jews, whose physicians don’t 
think to offer them carrier testing or consider it cost-effective. 

In the United States, where carrier screening is more available and 
more accepted than in virtually any other country, “none of us is a pure- 
breed, if you will,” says Wendy Chung, who directs the clinical genetics 
program at Columbia University. “We're literally a melting pot, [and] it’s 
difficult to know what you should screen for” in any given individual. 

“| think everyone” should be screened for FD, says David Brenner. 
“Not everyone is so in tune with their ancestry” that they're aware they 
may be at risk. Brenner is executive director of the Dysautonomia Foun- 
dation in New York City, which has partnered with the California com- 
pany Counsyl to help it spread the word about carrier screening. It's 
holding events that bring together dozens of adults who can take Coun- 
syl's carrier test for more than 100 genetic diseases; the company picks 
up the balance if insurance doesn’t cover the full cost. 

But as carrier testing expands, its goals are changing. In the past, 
they were unequivocal: cut down on new cases of a disease. But these 
days, there is a “reframing,” says Wylie Burke, a geneticist and bio- 
ethicist at the University of Washington, Seattle. Screening is presented 
vaguely as “providing options,” she says, or offering reassurance to 
noncarriers. Partly, she believes, that’s due to discomfort with abort- 
ing affected pregnancies. Screening before pregnancy—the approach 
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Screening’s reach. Counsyl offers carrier testing for more than 
100 diseases in a single shot, including those above. 


Counsyl advocates—rarely happens. Implanting embryos unaffected by 
disease genes is expensive and “available only to a narrow stripe of 
people,” Burke notes. 

Another reason for ambivalence about screening is that many dis- 
eases for which it is available are considered less severe. Canada came 
out against universal screening for cystic fibrosis (CF) carriers in 2002, 
rejecting the U.S. policy. In part, that’s because its health care system 
would have had to pay, says Anne-Marie Laberge, a medical geneticist 
at CHU Sainte-Justine in Montreal, Canada, but also because patients with 
CF now experience an “improved quality of life.” That said, a study of 
23 couples in California who learned through prenatal testing that their 
fetus had CF found that 20 terminated the pregnancy. ACE 


ing the underlying abnormalities in their ner- 
vous system as opposed to their symptoms. 


treatments, One challenge, she says, is balanc- 
ing an exclusive focus on the disease with the 
“big picture”: the general implications often 
needed to justify a grant. The FD team is find- 
ing some intriguing details about the disease. 
For example, says Norcliffe-Kaufmann, 
they are learning which emotions produce 
a physiologic response. Excitement often 
sends the autonomic nervous system, which 
controls blood pressure and heart rate, into 
overdrive in an FD patient, but embarrass- 
ment doesn’t have much effect. Why is that, 
and what might it tell us about broader con- 
nections between blood pressure and emo- 
tion? No ones knows. 


It’s the morning after the first night of Pass- 
over, raining hard, and Axelrod’s office is quiet. 
(“When you work in a Jewish genetic disease, 
patients don’t come in today,” she says.) One 
wall is decorated with dozens of photos of her 
patients—in karate uniforms, at their bar mitz- 
vahs, with children of their own. She knows 
them all. Is she worried that others will per- 
ceive a now-preventable disease like FD, with 
only 350 surviving patients worldwide who 
are slowly dying, as undeserving of money 
and attention? “Absolutely,” she says. Kauf- 
mann, munching on leftovers from Axelrod’s 
seder the night before, explains his efforts to 
make FD sound “sexy” to other researchers, in 
hopes of drumming up attention, by describ- 


“When you come out with interesting things, 
you get other bright minds interested,” he 
says. An Australian researcher visited in early 
April, carting in equipment to study afferent 
nerve fibers—the nerve cells that convey sig- 
nals about pain—in FD patients. 

For FD families accustomed to leisurely 
chats with Axelrod, the shift to more intensive 
research in which they are asked to partici- 
pate has been somewhat disconcerting, says 
Kaufmann. But, say Axelrod, Kaufmann, 
and others, now is the time to probe this dis- 
ease as never before—and before its num- 
bers dwindle even further. 

~JENNIFER COUZIN-FRANKEL 
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KEARNEYSVILLE, WEST VIRGINIA—Ask how 
many fruit trees he’s responsible for, and 
Michael Glenn just laughs. “I have no idea,” 
he says. 

Glenn oversees some 120 hectares as 
director of the Appalachian Fruit Research 
Station here, and seemingly every road leads 
to a new orchard. Glenn tramps through 
one rolling 6-hectare plot on a bright day in 
March, pruning season. Half the branches 
of some trees lie discarded. After thinking 
for a moment, Glenn guesses that 315,000 
trees live on the station’s acreage in the east- 
ern handlebar of West Virginia. To fit them 
in, the station plants row after row of ash- 
brown trees, two meters tall and about as 
apart, in military formations. The regularity 
is deceptive. 

Even though all the: the 
species, Malus x domestica, the apple, there’s 
no end to the variety of shapes and postures 
they assume. Glenn, trim, white-haired, 
points out that some trees grow vertically like 
elms, while some droop like willows. Some 
have branches with elbows and right angles, 
still others lack a central trunk and sprout 
stalks like bamboo. And that’s only part of 
the variety he’ll see when their fruit arrives in 
late April. Cross two adult fruit trees—a wild 
variety resistant to disease, say, and a domes 
ticated one with sweet fruit—and the 
almost no telling what you'll get. 

As slower-breeding plants, apples are not 
far removed from their wild ancestors, so they 
have had fewer chances to shed unwanted 
genes. And apple trees cannot reproduce with 
close relatives because special proteins rec- 
ognize their own or similar pollen and choke 
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off reproduction. Growers get consistent vari- 
eties only through clonal propagation, and 
today 11 cloned varieties make up 90% of the 
apples sold in the United States. This leaves 
apples vulnerable to diseases and environ- 
mental stress. To “update” a popular variety 
to withstand those traumas, a breeder must 
cross it with apples with quite different genes, 
which can dilute or scatter its good qualities. 

This genetic roulette makes for inter: 
ing walks through orchards but frustrates sci- 
entists who want to develop consistent but 
hearty apples, plums, and pears. “Stringent, 
ugly, bitter, tiny fruit, squishy, doesn’t store 
well—anything you can think of that will be 
bad in a fruit—it happens. Cameron 
Peace, an apple and cherry geneticist at Wa 
ington State University, 
Pullman, 

Traditional breed- 
ing, part of what Glenn 
calls “cultural prac- 
” requires cr 
ing two lines of apple: 
each with one or a few 
good traits. The result: 
anonymous brown pips. 
Once, the only way to 
sort the duds from sweet 
and hearty varieties was 
to plant them all, an 
expensive and labori- 
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Mr. Appleseed. In New 
York, USDA's Philip Forstine 
studies M. sieversii (top) 
from wild fruit collected in 
Kazakhstan. 


animes see 


ous job. And because first crosses rarely meet 
supermarket standards, breeders improve 
them by recrossing the best fruit of each gen- 
eration with other varieties, up to five times. 

A faster approach would be tweaking 
apple DNA directly with the tools of molec- 
ular genetics. But until recently, geneticists, 
their skills honed on Arabidopsis and other 
quick-breeding flora, avoided fruit-tree 
research like a blight. Of the 11,000 U.S. field 
tests on plants with transgenic genes between 
1987 and 2004, just 1% focused on fruit 
trees, That’s partly because of the slow pace. 
Whereas vegetables like corn might produce 
two harvests each summer, apple trees need 
eons—around 5 years—to produce their first 
fruit, most of which will be disregarded as 
ugly, bitter, or squishy. 
Given the odds, 315,000 
can look tiny. 

But everything in 
apple breeding is about 
to change. An Italian 
team plans to publish the 
decoded apple genome 
this summer, and scien- 
tists at places like Kear- 
neysville, which is run 
by the U.S, Department 
of Agriculture (USDA), 
are starting to single out 
complex genetic mark- 
ers for taste and hearti- 
ness. In some cases the 
scientists even plan, by 
inserting genes from 
other species, to elimi- 
nate the barren juvenile 


trees 
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stage and push fruit trees to mature rap- 
idly, greatly reducing generation times. 
Glenn came of age when someone might 
spend decades breeding the Johnagold or 
Fuji. No more. Expectations are chang- 
ing, and as Glenn says, “The orchards of 
the future will be driven more by genetics 
than cultural practices.” 


Legends in their times 
In the early 1800s, a nomad named John 
Chapman began wandering through 
Pennsylvania, Ohio, and beyond, a bur- 
lap gunnysack of seeds (as tradition has 
it) over his shoulder, to spread the apple to the 
American frontier. That most apple trees he 
planted gave squishy or crabby fruit didn’t 
make Johnny Appleseed’s gifts any less wel- 
come for farmers and hunters eager to make 
liquors like cider and applejack. 

But not all were stringent, and many “des- 
sert” apples with colorful names like Irish 
Peach, Maiden Blush, and Sops of Wine 
thrived in America. Unfortunately, Chapman, 
no geneticist, had drawn on a narrow stock 
of European apples—itselfa narrow selection 
of wild apples, which are native to Kazakh- 
stan, Other U.S. stocks, spread by pioneers 
and missionaries, had the same shortcom- 
ings, and grafting clones further tapered the 
line. (Every single Red Delicious traces back 
to one farm, Jesse Hiatt’s, 
near Peru, Iowa, for example.) 
Meanwhile, USDA’ efforts to 
breed heartier varieties have 
proved inefficient and slow. 

The foundations for mod- 
ern apple research were laid 
in the 1990s. Fittingly, it all 
started with another trek to 
the frontier, by another leg- 
end among apple breeders. 
Philip Forsline had already 
made a name for himself in 
the 1980s when Cornell Uni- 
versity decided to bulldoze 
its renowned groves of apple 
trees, Forsline, an apple cura- 
tor for USDA’s Agricultural 
Research Service, oversaw 
the transfer of every variety 
from Cornell in Ithaca, New 
York, to his USDA research 
station 70 kilometers away 
in Geneva, New York, where 
buds were meticulously 
grafted onto rootstock. 

Even those holdings, how- 


Kazakhstan. Forsline made seven trips to 


Central Asia in the 1990s, collecting apples 
from coastlands and inland steppes, from 
veritable deserts and dense forests where 
90% of trees sprouted apples. He saw groves 
where bears smashed branches to knock 
apples loose, and among the thousands of 
shapes he saw a few 8-centimeter beauties 
“that looked like they could be at the super- 
market,” he marvels. In all Forsline collected 
949 varieties of Malus sieversii trees, fore- 
runner to the domesticated apple. 

Back in New York state, Forsline recre- 
ated the Kazakh and Chinese forests (with 
humans pruning instead of bears) by plant- 
ing 1600 seedlings. And as he loves to joke, 
the work is finally bearing fruit. Over the 
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Wide variety. Although one species, apples 
have genes that can change their fruit wildly. 


past dozen years, he and his successor at 
Geneva, Gennaro Fazio, have monitored 
which apples could weather cold snaps 
or dry spells, and which handled “The 
Gauntlet”—a pestilential greenhouse 
crawling with pathogens that kills three- 
quarters or more of all prisoners. After 
these tests, Forsline and Fazio have iden- 
tified apples that can withstand nearly any 
natural evil. The next trick will be identi- 
fying the key genes and getting them into 
the 11 apple varieties Americans covet. 


Double trouble 

Traditional breeders face two barriers to mak- 
ing better apples, plums, and pears: the stag- 
gering inefficiencies and the tedious wait 
between generations. Genetic work has the 
potential to eliminate both problems. 

As for the inefficiencies, “you can use 
molecular tools ... to screen a large popula- 
tion of seedlings” for genetic markers asso- 
ciated with a desirable trait, explains Gayle 
Volk, a geneticist at USDA's National Center 
for Genetic Resources Preservation in Fort 
Collins, Colorado. If scientists screen for 
multiple traits, only 10 or so of 1000 seeds 
may have the right combination, she says, 
but scientists can focus 
on those few. 

Peace discovered a 
great example of the 
potential savings through 
work on ethylene, a natu- 
ral hormone that causes 
fruit to ripen. Breeders 
want low ethylene lev- = 
els so that fruit doesn’t ¥ 
turn mushy in trucks on 6 
the way to stores. Peace § 
has discovered two gene 5 
markers for fruit that pro- § 
duce 90% less ethylene, & 
and with his tests, breed- § 
ers can discard three of & 
every four seeds and pos- 3 
sibly save 60% on main- 2 
taining groves. 

Ultimately, Peace 
wants to find markers for 2 
taste, the most desirable 2 
and elusive trait that fruit 2 
breeders pursue. Texture 2 
and crispness are largely 5 
fixed by genes, while © 
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ever, were genetically narrow, 
so USDA drew up ambitious 
collection trips to China and 
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The transgene vanishes. A fast-flowering 
poplar gene (pink) speeds new fruit vari- 
eties. In the middle generations, scientists 
select for trees with both the poplar gene 


and a gene of interest (blue). In the last 
generation, scientists select trees without 
the poplar gene to avoid the stigma of 
genetically modified (GM) food. 
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all-important sweetness 
depends heavily on envi- 
ronmental factors, and 5 


scientists don’t know the details, But thanks 
to collaborations like USDA's $14.4 million 
RosBREED project, Peace thinks geneticists 
can start finding robust correlations for taste 
within about 2 years. 

Still, even the best screening won't solve 
the second problem, that fruit trees mature so 
slowly. But scientists at Kearneysville, in col- 
laboration with scientists ata few universities, 
may have a shortcut. In the next 6 months or 
so, Kearneysville geneticist Jay Norelli will 
begin a project to introduce 
two alleles for resistance to 
fire blight, a common apple 
plague, into dessert apples. 
Using traditional methods, 
it would take 20-some years 
to fix this trait into a super- 
market-quality apple. But by 
introducing a “fast-flower- 
ing” gene from a poplar tree, 
Norelli believes he can cut 
the generation time down to 
roughly a year. 

The process works like 
this. First, scientists intro- 
duce the fast-flowering gene 
into the chromosomes of a 
dessert apple, with traditional 
genetic engineering tools 
(such as a bacterium loaded 
with the fast gene), Scientists 
then cross this altered apple with a comple- 
mentary variety that might not taste good but 
is resistant to disease. After this cross, scien- 
tists will, as usual, get many dud seeds. But 
they can screen their DNA and find variet- 
ies likely to taste good, mature quickly, and 
withstand diseases. They discard the rest. 
Scientists then cross the best of the new 
generation with another tasty (but not fast- 
flowering) apple. And once again, they select 
the best offspring. With each subsequent 
cross, they become more like dessert apples, 
isease-resistant, 
confident the poplar transgene 
shortcut can work because colleagues at the 
research station, led by horticulturist Ralph 
Scorza, have used it to create fast-flowering 
plums, a close relative of the apple. 

Control plum trees in the Kearneysville 
greenhouse, which lack the accelerating 
gene, have sturdy, woody trunks and stand 
a good meter tall after 12 months. The con- 
trols are also barren—and will be for several 
years until they reach fruit-bearing age. The 
experimental, “FasTrack” trees look softer 
and greener, and they slouch. But that’s partly 
because their branches are bowed down from 
the weight of plums. Sixty more plum-poplar 
trees are growing outdoors on a few of Kear- 
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neysville’s 120 hectares. And like Norelli, 
Scorza will soon begin introducing new traits 
into the plums, at speeds that would have 
seemed miraculous 50 years ago. 

To determine how sweet the FasTrack 
plums are, Scorza’s team will chemically test 
their sugar concentration this summer. But no 
‘one will know how they taste for some time. 
Including a poplar gene makes the trees geneti- 
cally modified (GM) food, and scientists would 
need government permission to sample them, 


Fast track. Genetically modified in the lab (inset) to include a poplar gene, plums grow 
fruit in less than a year, allowing faster breeding. 


What’s more, no one knows whether poplar 
genes in fruit will do something unwanted, 
like shortening the life of the tree. 

But the Kearneysville geneticists have a 
neat trick to circumvent these concerns. Only 
a fraction of the offspring in each generation 
contain the fast-flowering gene. Early in the 
breeding process, scientists discard the trees 
that lack it, (They search for the gene by doing 
PCR on a tissue sample.) But once they have 
fixed a new trait in the fruit, they select against 

ast-flowering in the final generation. This 
ion involves no genetic engincering: 
They simply screen the trees (again, usually 
with PCR), and toss out the ones with the pop- 
lar gene. The leftover trees, which mature nor- 
mally, are no different than if Scorza’s team 
bred them the traditional way. And as long as 
any new genes came from wild or semiwild 
fruit, the trees are, almost magically, no lon- 
ger GM. 

As for potential controversies, Scorza 
argues that the FasTrack system combines 
“the latest methods of modern biology with a 
breeding tradition as old as agriculture.” And 
he thinks it will become valuable with global 
climate change. “Fificen, 20 years is no longer 
good enough’ to deliver new fruit varieties to 
a hungry world, he says. 
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Still, it’s telling that not even FasTrack 
breeders can eat their fruit—a far cry from the 
American frontier farmer, And opponents of 
GM food seem unlikely to accept a “non-GM” 
label for such varieties. Bill Freese, a science 
policy analyst at the Center for Food Safety 
in Washington, D.C., has not studied the new 
FasTrack program but said, “the genetic engi- 
neering process is very disruptive” and often 
changes surrounding DNA. “Our experience 
with USDA is that they tend to downplay risks 
with genetic engineering.’ 


What's next 

For the next few years, 
apple, plum, and peach 
trees will dominate the 
grounds of places like 
Kearneysville. But scien- 
tists elsewhere are devel- 
oping ways to maintain the 
genetic diversity of fruit 
with as few trees as possi- 
ble. In Colorado, Volk has 
studied cryogenic preserva- 
tion of dormant buds in lig- 
uid nitrogen, and the results 
show promise for reducing 
the number of trees that 
must be kept in dirt. Nitro- 
gen tanks cost $1.50 per 
year per bud to maintain 
compared with $50 to $75 per orchard tree. 
And the germ plasm shows no ill effects. 

Even at Kearneysville, breeders spend 
more and more hours indoors in their labs: 
and fewer in the groves. In fact, Glenn says 
he’s become an anomaly—someone who 
even prunes on occasion. But most tradi- 
tional breeders, Glenn included, are eager to 
eliminate all the tedium and heartache of tra- 
ditional methods. “Personally, | am nostal- 
gic for the so-called better days, but I think 
this is the natural progress of science,” he 
says. What’s more, in the past 5 years, “the 
molecular biologists are coming back to the 
field-oriented scientists to collaborate with 
them on projects in the field.” 

So although the informal days of Johnny 
Appleseed are gone forever, fruit breeders 
still have a place, and scientists are trembling 
with excitement at the possibilities. Forsline 
estimates that his trips to Asia have doubled 
the known stock of apple genes in the world. 
Johnny Appleseed may have made the Amer- 
ican apple in the 1800s, but as Forsline has 
written of modern fruit work, “All of this— 
and forthcoming findings —may one day put 
the impact of [USDA research] ona par with 
that of John Chapman's legendary work.” 
-SAM KEAN 
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Nanogenerators Tap Waste Energy 
To Power Ultrasmall Electronics 


Tiny devices that convert movements into electricity won't power cities. But they may 
soon be efficient enough to power arrays of invisible sensors and hand-held electronics 


In the corner of a conference center on the 
main campus of Microsoft in Redmond, 
Washington, engineers have built a small 
four-room apartment. Called MS Home, it 
serves as both a testing ground and a show- 
case for how the future home may look and, 
well, behave. In Microsoft's vision, that home 
will be run by a computer system that turns 
on lights, controls the heat, and manages 
the appliances. An array of invisible sen- 
sors would do everything from tracking your 
movements (in order to know when to turn the 
lights on in the next room) 
to monitoring whether your 
plants need water. 

Uses of sensor networks 
have been talked about for 
years. One stumbling block 
has been figuring out how 
to power the devices. Sure, 
each one could be plied 
with batteries or wired to 
the grid. But that is expen- 
sive and requires periodic 
maintenance, which often 
upends such proposals. 
Now, however, the rise of 
a new technology to scav- 
enge power from vibra- 
tions and other ambient 
sources may finally usher 
this vision of the future 
into the present. 

Power scavengers have 
actually been around for 
some time. Companies, 
for example, already make 
larger scale devices that 
harness vibrations to monitor the structural 
health of buildings and bridges. But over the 
past few years, researchers have been pro- 
gressively shrinking these scavengers to 
nanoscale dimensions in an effort to power 
everything from minuscule sensors inside 
the body to arrays of self-powered environ- 
mental sensors to monitor things such as air 
quality and stream flows. This miniaturiza- 
tion push has been aided by the steady prog- 
ress of microelectronics technology, which 
now turns out sensors and computing devices 
small enough and frugal enough with their 
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Good vibrations. Zinc oxide (2n0) nanowires 
are grown between chromium (Cr) and gold 
(Au) electrodes (top) to make a nanogenerator 
that produces a high voltage when flexed. 


energy needs that many can be powered with 
just nanowatts to microwatts of power. 
Today, the field “has now reached a criti- 
cal mass and momentum,” says Zhong Lin 
Wang, a physicist at the Georgia Institute of 
Technology (Georgia Tech) in Atlanta. “I am 
confident that with the way things are pro- 
gressing, this will one day soon impact our 
daily lives 
Although several technologies are com- 
peting to power such devices, most nano- 
generators are made from piezoelectric 
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materials that convert mechanical motion 
into electricity. Piezoelec! materials, 
such as crystals of the ceramic lead zircon- 
ate titanate (PZT), are made of subunits 
that separate electrical charges. Mechanical 
strain, such as bending a thin piezoelectric 
wire, changes this electric polarization of 
the material and causes positive and nega- 
tive charges to migrate to opposite faces of 
the material, creating an electric voltage that 
can be used to do work. The effect can also 
be reversed: Applying a voltage across a 
piezoelectric crystal causes it to move. This 


effect—first discovered in 1880—is behind 
decades of technology; sonar detectors, 
loudspeakers, autofocusing cameras, atomic 
force microscopes, and many other gadgets. 

Today the most widely used piezoelec- 
tric material is PZT, as it is the most effi- 
cient material at converting mechanical 
strain to electricity. But PZT has its draw- 
backs. For starters, it is brittle and breaks 
easily. It also contains lead, a toxic metal, 
which makes it a poor choice for powering 
medical sensors in the body. 

Now, researchers may have found a way 
around PZT’s shortcomings. In the 10 Febru- 
ary issue of Nano Letters, researchers led by 
Michael McAlpine, a chemist at Princeton 
University, reported the creation of a flexi- 
ble PZT nanogenerator encapsulated inside 
a biocompatible plastic. McAlpine notes that 
whereas large crystals of PZT are brittle, 
ultrathin ribbons of the material can bend and 
flex without breaking, So McAlpine’s team 
grew a thin layer of PZT 
atop a crystal of magne- 
sium oxide (MgO) and then 
used a lithographic pattern- 
ing technique, akin to that 
used to pattern microchips, 
to pattern the PZT into an 
array of long ribbons. They 
then dissolved the MgO 
substrate, leaving the rib- 
bons behind, and pressed 
a rubbery plastic known as 
PDMS on top, transferring 
the PZT nanoribbons to the 
plastic (see bottom figure, 
p. 305). Several character- 
ization studies showed that 
the transferred PZT nano- 
ribbons retained their same 
piezoelectric properties, 
and they were roughly four 
times as efficient at trans- 
ferring mechanical strain 
to electricity as were com- 
peting nanogenerators. 

Still, flexible PZT nano- 
ribbons have a way to go before they are ready 
to power real devices, McAlpine says. Among 
the steps still needed is to refine the PZT 
nanowire growth techniques, McAlpine says 
it should be possible to improve the power 
output of the devices 10-fold. Also, he says, 
scaling the technique up to make larger arrays 
would help to power more types of devices. 

If efforts to make PZT nanogenerators 
more flexible and biocompatible don’t suc- 
ceed, alternatives are moving in to pick up 
the slack. Wang and his colleagues at Georgia 
Tech, for example, have pushed nanogenera- 
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make the voltage output of individ- 
ual nanowire devices add up. To do 
so they needed to orient the crystal- 
lographic axis of each ZnO nanowire 
in the same direction so that when 
force was applied to them all col- 
lectively, the polarity of charges on 
each wire would be aligned, produc- 
ing a higher output voltage. Wang’s 
team patterned an array of parallel 
chromium wires atop a substrate. 
They then grew thousands of ZnO 
nanowires laterally between these 
wires, like rungs in a ladder, under 
conditions that ensured they all grew 
with the same crystallographic ori- 


Substrate moving direction 
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dipoles in a polymer being drawn into fibers. 


tors made from zinc oxide (ZnO) nanowires 
considerably further than their PZT cousins. 
In 2006, Wang and his student Jinhui Song 
reported in Science that they grew arrays of 
vertical ZnO nanowires that when bent to the 
side created a small electric voltage (Science, 
14 April 2006, p. 242). In the years since, 
Wang's team has developed successive itera- 
tions of their ZnO nanogenerators in an effort 
to increase the power output and robustness. 

Last month, they raised the bar to the 
highest point yet. In a paper posted online in 
Nature Nanotechnology on 28 March, Wang 
and colleagues reported making two new 
nanogenerators, One produced the highest 
voltage of any nanogenerator to date; the other 
produced a lower voltage but was rigged up 
to power either a pH sensor or an ultraviolet 
detector without need for any outside energy. 
Both nanogenerators were made by growing 
arrays of long, thin zinc oxide nanowires. In 
the version wired to the sensors, these nano- 
wire collections resemble a bed of nails with 
thin electrodes placed on the top and bottom. 
When the researchers then squeezed their 
device—thereby bending the nanowires—it 
produced 0.24 volts, with enough current to 
run their sensors. “That’s pretty cool,” says 
McAlpine, who credits Wang for pioneering 
several nanogenerator concepts. 

One of those was Wang’s higher voltage 
nanogenerator. Pushing the output is impor- 
tant, Wang says, because most devices today 
need more than one-quarter of a volt to run. 
Standard AA battery-powered devices, for 
example, require up to 1.5 volts to operate— 
well beyond what most nanogenerators 
can generate. 

To make a higher voltage device, Wang 
and his colleagues needed to find a way to 
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entation. Finally, they soldered the 
ZnO nanowires to the chromium 
by depositing gold at the connec- 
tion points (see figure, p. 304). The 
scheme worked. When they flexed 
their array, it generated 1.26 volts. That’s 
not quite the 1.5 volts ofa AA battery, but in 
the months since their paper was submitted, 
Wang says his team has upped that output 
to 2.4 volts. “This enables us to operate true 
technology.” Wang says. 
The Georgia Tech group 
isn’t the only one closing in 
on that goal. At the Univer- 
sity of California, Berke- 
ley, another nanogenerator 
group, headed by mechan- 
ical engineer Liwei Lin, 
is making nanogenerators 
out of long polymer fibers 
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times as much kinetic energy to electricity 
as the thin-film PVDF devices did. 

Although Lin and his colleagues are still 
trying to understand exactly why that is, Lin 
says part of the explanation probably has 
to do with the electrospinning technique. 
The method draws out the polymer fibers in 
the presence of a large electric field, which 
seems to orient individual polymer mole- 
cules better than the filmmaking techniques 
do (see figure, lefi). And once the fibers are 
formed and solidify, this arrangement is 
locked in place. The output is high enough, 
Lin says, that calculations suggest that 1000 
or so fiber generators incorporated into the 
cloth ofa shirt would capture enough energy 
from a person’s movements to charge a cell 
phone or an iPod. Although Lin says he 
hasn’t yet formed a company to commer- 
cialize his power-suit material, he’s already 
taking visits from venture capitalists looking 
to do just that. 

If nanogenerators of any sort succeed, 
could they possibly be scaled up to generate 
large amounts of power? After all, most of 
the handwringing about energy these days 


that one day may be woven 
into cloth. “This technol- 
ogy could eventually lead 
to wearable “smart clothes” 


Flex capacitor. A nanostamping 
technique turns normally brittle 
PZT into flexible nanowires 
encapsulated in a rubber sheet. 


that can power hand-held 
electronics through ordi- 
nary body movements,” 
Lin says. 

For their nanogenera- 
tors, Lin and his colleagues 
start with a polymer called 
polyvinylidene fluoride 
(PVDF) that can be pro- 
cessed to separate electrical 
charges. Other groups have 
previously made PVDF 
generators from thin films of the polymer. 
But PVDF films are typically inefficient, 
converting only 1% to 2% of kinetic energy 
to electricity, Lin and his colleagues also 
reported in the 10 February issue of Nano 
Letters that when they used a technique 
called electrospinning to spin PVDF into 
threadlike fibers as little as 500 nanometers 
across, the resulting fibers converted 10 
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is about how to generate terawatts, rather 
than microwatts, of carbon-free power. Lin, 
Wang, and McAlpine agree that for now 
that doesn’t seem likely. Nanogenerators 
simply produce too little power to change 
our civilization. For now, they'll be work- 
ing on the small scale, which might still be 
enough to change our lives. 

—ROBERT F. SERVICE 
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Nanogenerators Tap Waste Energy 
To Power Ultrasmall Electronics 


Tiny devices that convert movements into electricity won't power cities. But they may 
soon be efficient enough to power arrays of invisible sensors and hand-held electronics 


In the corner of a conference center on the 
main campus of Microsoft in Redmond, 
Washington, engineers have built a small 
four-room apartment. Called MS Home, it 
serves as both a testing ground and a show- 
case for how the future home may look and, 
well, behave. In Microsoft's vision, that home 
will be run by a computer system that turns 
on lights, controls the heat, and manages 
the appliances. An array of invisible sen- 
sors would do everything from tracking your 
movements (in order to know when to turn the 
lights on in the next room) 
to monitoring whether your 
plants need water. 

Uses of sensor networks 
have been talked about for 
years. One stumbling block 
has been figuring out how 
to power the devices. Sure, 
each one could be plied 
with batteries or wired to 
the grid. But that is expen- 
sive and requires periodic 
maintenance, which often 
upends such proposals. 
Now, however, the rise of 
a new technology to scav- 
enge power from vibra- 
tions and other ambient 
sources may finally usher 
this vision of the future 
into the present. 

Power scavengers have 
actually been around for 
some time. Companies, 
for example, already make 
larger scale devices that 
harness vibrations to monitor the structural 
health of buildings and bridges. But over the 
past few years, researchers have been pro- 
gressively shrinking these scavengers to 
nanoscale dimensions in an effort to power 
everything from minuscule sensors inside 
the body to arrays of self-powered environ- 
mental sensors to monitor things such as air 
quality and stream flows. This miniaturiza- 
tion push has been aided by the steady prog- 
ress of microelectronics technology, which 
now turns out sensors and computing devices 
small enough and frugal enough with their 
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Good vibrations. Zinc oxide (2n0) nanowires 
are grown between chromium (Cr) and gold 
(Au) electrodes (top) to make a nanogenerator 
that produces a high voltage when flexed. 


energy needs that many can be powered with 
just nanowatts to microwatts of power. 
Today, the field “has now reached a criti- 
cal mass and momentum,” says Zhong Lin 
Wang, a physicist at the Georgia Institute of 
Technology (Georgia Tech) in Atlanta. “I am 
confident that with the way things are pro- 
gressing, this will one day soon impact our 
daily lives 
Although several technologies are com- 
peting to power such devices, most nano- 
generators are made from piezoelectric 
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materials that convert mechanical motion 
into electricity. Piezoelec! materials, 
such as crystals of the ceramic lead zircon- 
ate titanate (PZT), are made of subunits 
that separate electrical charges. Mechanical 
strain, such as bending a thin piezoelectric 
wire, changes this electric polarization of 
the material and causes positive and nega- 
tive charges to migrate to opposite faces of 
the material, creating an electric voltage that 
can be used to do work. The effect can also 
be reversed: Applying a voltage across a 
piezoelectric crystal causes it to move. This 


effect—first discovered in 1880—is behind 
decades of technology; sonar detectors, 
loudspeakers, autofocusing cameras, atomic 
force microscopes, and many other gadgets. 

Today the most widely used piezoelec- 
tric material is PZT, as it is the most effi- 
cient material at converting mechanical 
strain to electricity. But PZT has its draw- 
backs. For starters, it is brittle and breaks 
easily. It also contains lead, a toxic metal, 
which makes it a poor choice for powering 
medical sensors in the body. 

Now, researchers may have found a way 
around PZT’s shortcomings. In the 10 Febru- 
ary issue of Nano Letters, researchers led by 
Michael McAlpine, a chemist at Princeton 
University, reported the creation of a flexi- 
ble PZT nanogenerator encapsulated inside 
a biocompatible plastic. McAlpine notes that 
whereas large crystals of PZT are brittle, 
ultrathin ribbons of the material can bend and 
flex without breaking, So McAlpine’s team 
grew a thin layer of PZT 
atop a crystal of magne- 
sium oxide (MgO) and then 
used a lithographic pattern- 
ing technique, akin to that 
used to pattern microchips, 
to pattern the PZT into an 
array of long ribbons. They 
then dissolved the MgO 
substrate, leaving the rib- 
bons behind, and pressed 
a rubbery plastic known as 
PDMS on top, transferring 
the PZT nanoribbons to the 
plastic (see bottom figure, 
p. 305). Several character- 
ization studies showed that 
the transferred PZT nano- 
ribbons retained their same 
piezoelectric properties, 
and they were roughly four 
times as efficient at trans- 
ferring mechanical strain 
to electricity as were com- 
peting nanogenerators. 

Still, flexible PZT nano- 
ribbons have a way to go before they are ready 
to power real devices, McAlpine says. Among 
the steps still needed is to refine the PZT 
nanowire growth techniques, McAlpine says 
it should be possible to improve the power 
output of the devices 10-fold. Also, he says, 
scaling the technique up to make larger arrays 
would help to power more types of devices. 

If efforts to make PZT nanogenerators 
more flexible and biocompatible don’t suc- 
ceed, alternatives are moving in to pick up 
the slack. Wang and his colleagues at Georgia 
Tech, for example, have pushed nanogenera- 
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make the voltage output of individ- 
ual nanowire devices add up. To do 
so they needed to orient the crystal- 
lographic axis of each ZnO nanowire 
in the same direction so that when 
force was applied to them all col- 
lectively, the polarity of charges on 
each wire would be aligned, produc- 
ing a higher output voltage. Wang’s 
team patterned an array of parallel 
chromium wires atop a substrate. 
They then grew thousands of ZnO 
nanowires laterally between these 
wires, like rungs in a ladder, under 
conditions that ensured they all grew 
with the same crystallographic ori- 


Substrate moving direction 
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tors made from zinc oxide (ZnO) nanowires 
considerably further than their PZT cousins. 
In 2006, Wang and his student Jinhui Song 
reported in Science that they grew arrays of 
vertical ZnO nanowires that when bent to the 
side created a small electric voltage (Science, 
14 April 2006, p. 242). In the years since, 
Wang's team has developed successive itera- 
tions of their ZnO nanogenerators in an effort 
to increase the power output and robustness. 

Last month, they raised the bar to the 
highest point yet. In a paper posted online in 
Nature Nanotechnology on 28 March, Wang 
and colleagues reported making two new 
nanogenerators, One produced the highest 
voltage of any nanogenerator to date; the other 
produced a lower voltage but was rigged up 
to power either a pH sensor or an ultraviolet 
detector without need for any outside energy. 
Both nanogenerators were made by growing 
arrays of long, thin zinc oxide nanowires. In 
the version wired to the sensors, these nano- 
wire collections resemble a bed of nails with 
thin electrodes placed on the top and bottom. 
When the researchers then squeezed their 
device—thereby bending the nanowires—it 
produced 0.24 volts, with enough current to 
run their sensors. “That’s pretty cool,” says 
McAlpine, who credits Wang for pioneering 
several nanogenerator concepts. 

One of those was Wang’s higher voltage 
nanogenerator. Pushing the output is impor- 
tant, Wang says, because most devices today 
need more than one-quarter of a volt to run. 
Standard AA battery-powered devices, for 
example, require up to 1.5 volts to operate— 
well beyond what most nanogenerators 
can generate. 

To make a higher voltage device, Wang 
and his colleagues needed to find a way to 
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entation. Finally, they soldered the 
ZnO nanowires to the chromium 
by depositing gold at the connec- 
tion points (see figure, p. 304). The 
scheme worked. When they flexed 
their array, it generated 1.26 volts. That’s 
not quite the 1.5 volts ofa AA battery, but in 
the months since their paper was submitted, 
Wang says his team has upped that output 
to 2.4 volts. “This enables us to operate true 
technology.” Wang says. 
The Georgia Tech group 
isn’t the only one closing in 
on that goal. At the Univer- 
sity of California, Berke- 
ley, another nanogenerator 
group, headed by mechan- 
ical engineer Liwei Lin, 
is making nanogenerators 
out of long polymer fibers 
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times as much kinetic energy to electricity 
as the thin-film PVDF devices did. 

Although Lin and his colleagues are still 
trying to understand exactly why that is, Lin 
says part of the explanation probably has 
to do with the electrospinning technique. 
The method draws out the polymer fibers in 
the presence of a large electric field, which 
seems to orient individual polymer mole- 
cules better than the filmmaking techniques 
do (see figure, lefi). And once the fibers are 
formed and solidify, this arrangement is 
locked in place. The output is high enough, 
Lin says, that calculations suggest that 1000 
or so fiber generators incorporated into the 
cloth ofa shirt would capture enough energy 
from a person’s movements to charge a cell 
phone or an iPod. Although Lin says he 
hasn’t yet formed a company to commer- 
cialize his power-suit material, he’s already 
taking visits from venture capitalists looking 
to do just that. 

If nanogenerators of any sort succeed, 
could they possibly be scaled up to generate 
large amounts of power? After all, most of 
the handwringing about energy these days 


that one day may be woven 
into cloth. “This technol- 
ogy could eventually lead 
to wearable “smart clothes” 
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that can power hand-held 
electronics through ordi- 
nary body movements,” 
Lin says. 

For their nanogenera- 
tors, Lin and his colleagues 
start with a polymer called 
polyvinylidene fluoride 
(PVDF) that can be pro- 
cessed to separate electrical 
charges. Other groups have 
previously made PVDF 
generators from thin films of the polymer. 
But PVDF films are typically inefficient, 
converting only 1% to 2% of kinetic energy 
to electricity, Lin and his colleagues also 
reported in the 10 February issue of Nano 
Letters that when they used a technique 
called electrospinning to spin PVDF into 
threadlike fibers as little as 500 nanometers 
across, the resulting fibers converted 10 
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is about how to generate terawatts, rather 
than microwatts, of carbon-free power. Lin, 
Wang, and McAlpine agree that for now 
that doesn’t seem likely. Nanogenerators 
simply produce too little power to change 
our civilization. For now, they'll be work- 
ing on the small scale, which might still be 
enough to change our lives. 

—ROBERT F. SERVICE 
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Finding Animals for Research 


CONTRARY TO THE IMPRESSION CONVEYED IN THE NEWS FOCUS STORY 
“Dog dealers’ days may be numbered” (D. Grimm, 26 February, 
p. 1076), the American Physiological Society endorses the National 
‘Academy of Sciences (NAS) recommendation to replace Class B deal- 
ers. However, the article cited only half of the key senteni it is not 
necessary to continue to obtain random source dogs and cats from 
cl B dealers provided that alternative sources of animals with simi- 
lar characteristics can continue to be assured” (emphasis added) [(7), 
p. 95]. The problem is that the alternatives available (donors, pounds, 
and commercial breeders) cannot currently replace Class B deale 
This is why the NAS panel recommended “that NIH undertake an 
effort to explore new potential sources of random source dogs and cats 
to meet important biomedical research needs” [(/), p. 7]. 

Researchers doing translational research in areas such as cardio- 
vascular disease need large, fully mature dogs. This is where the current 
alternatives fail: Owners donate sick animals, which cannot be used to 
study other diseases. In most parts of the country, pounds are either 
prohibited from making unwanted animals available for research or 
they choose not to do so. Commercial breeders are the most promising 
option, but they almost exclusively sell young animals. If it were finan- 
cially feasible, breeders might be willing to sell mature animals, How- 
ever, this will likely require NIH to provide start-up funds for breeders 
to expand their facilities and grant supplements so that researchers can 
buy older animals. Given time to make arrangements and money to 


Promoting Scientific 
Standards in Germany 


tivity and level of independence, which 


implement them, it should be possible to obtain older dogs and cats 
needed for cardiovascular and other areas of research. 

tablished the Class B system and put the U.S. Depart- 
ment of Agriculture in charge of enforcing the law. The Pet Safety 
and Protection Act, if approved by Congress, would end Class B 
dealer sales of dogs and cats after 90 days. Before the system is 
abolished, there must be a viable alternative. Otherwise, important 
translational research will falter. ALICE W, RA’ANAN 


Office of Science Policy, American Physiological Society, Bethesda, MD 20817, USA. E-mail: 
araanan@the-aps.org 
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WE APPLAUD THE EDITORIAL BY B, ALBERTS 
emphasizing the continuing need for ethi- 
cal conduct in ch (“Promotin ien- 
tific standards,” | January, p. 12). We believe 
that efforts should go beyond the elimina- 
tion of “honorary authorships” and a higher 
valuation of mentors if we are to “attract and 
retain individuals of outstanding intellect 
and character” (/), at least in the German 
demic setting. 

The ongoing erosion of our research sy 
tem can only be efficiently reversed if the 
key recommendations in the 2005 European 
Charter for Researchers and Code of Conduct 
for the Recruitment of Researchers are imple- 
mented by our universities on a broad scale. 
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could be ascertained and even quantified 
by the number of first and/or corresponding 
authorships they have accumulated. By con- 
trast, the current selection approach favors the 
impact factor of the journals in which these 
individuals have published, often regard! 


of their actual contribution and the novelty of 


dition, to minimize con- 
misconduct, the frequently 
found disparity between project originators 
and grant holders in German academia should 
be streamlined into one and the same princi- 
pal investigator, as is the case in the United 
States. RAZVAN T. RADULESCU,** KLAUS FISCHER,” 

EDUARD STANGE,” JOHANNES SCHULZE* 


‘Molecular Concepts Research, Muenster, Germany. "Faculty 
of Philosophy, University of Trier, Trier, Germany. ‘Depart 
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The Missing Link in 
Biodiversity Conservation 


THE EDITORIAL BY J. MARTON-LEFEVRE TITLED 
“Biodiversity is our life” (5 March, p. 
1179) does not address the missing link 
in appeals for biodiversity conservation. 
have two messages for the 
public: (i) Biodiversity loss is tragic because 
of the impending extinctions of charismatic 
species of mammals, birds, amphibians, 
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and plants; and (ii) biodiversity is important 
because it contributes to ecosystem services. 
Conspicuously missing from these seemingly 
disparate concepts is the connection between 
them: the many millions of species within 
the numerous phyla of microbes and inverte- 
brates, which represent perhaps 95% of total 
species and genetic biodiversity (/). These 
species are less likely to gain public sympa- 
thy than a frog or hawk, yet they are the ones 
(in addition to plants) that drive agriculture, 
forestry, and fisheries—the very ecosystem 
services we strive to protect—by mediating 
soil chemistry and generating marine food 
chains (2, 3). Crucially, these species also 
support the more charismatic ones (2). We 
can connect the dots for the public with a new 
message, one we would like to label “produc- 
tion biodiversity”: By protecting microbes 
and invertebrates, we also protect the primary 
industries upon which we all depend. 
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Energy Efficiency Merits 
More Than a Nudge 


IN THEIR POLICY FORUM (“BEHAVIOR AND 
energy policy,” 5 March, p. 1204), H. Allcott 
and S. Mullainathan identify an important 
opportunity for reducing energy consump- 
tion inexpensively by applying behavioral 
science. Even larger opportunities can be 
realized, however, by combining behav- 
ioral interventions with other policy tools to 
address a wider range of behaviors. 

The field policy experiments cited by the 
authors use behavioral “nudges” to change 
home equipment use. The full potential of 
behavioral interventions comes from inducing 
people to adopt energy-efficient technology. 
More than 30 years of social and behavioral 
science research on household energy con- 
sumption demonstrates the power of combin- 


ing behaviorally sensitive features—such as 
norms, social influence networks, and atten- 
tion to convenience and quality assurance in 
program design—with financial incentives 
and information (/-4). This can make a huge 
difference in effectiveness for efficiency pro- 
grams. For example, a utility grant program 
that paid for over 90% of home retrofit costs 
achieved penetration that ranged from 1.4 to 
19.3% per year, depending on how the pro- 
gram was implemented (5). The strongest pro- 
grams have the potential to achieve behavioral 
plasticity (i.e., the percentage of people who 
could make a choice who actually do so) of 80 
to 90% for adoption of energy-efficient equip- 
ment over 10 years (6). Ifimplemented across 
equipment classes and scaled up nationally, 
such programs could reduce carbon emis- 
sions by an estimated 123 million tons of 
carbon (MtC) (6). This is far greater than the 
national savings of 12.7 MtC estimated for the 
program in the Policy Forum. 
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BOOK 
EVOLUTION 


No Sex, Please 


John M. Logsdon, Jr. 


We do not even in the least know the final 
cause of sexuality; why new beings should 
be produced by the union of the two sexual 
element 


instead of by a process of par- 
les Darwin (/) 


sex? Darwin clearly understood 

this to be a problem. But 150 years 

after the publication of The Ori- 
gin, there is still no clear answer to what has 
been dubbed the “queen of problems in evo- 
lutionary biology” (2). One fruitful avenue 
to understanding the evolutionary enigma of 
sex has been to focus on organisms that are 
capable of the strategy suggested by Darwii 
reproducing asexually, by parthenogenesis 
(i.c., virgin birth). By shedding light on how 
and why—or even if—such organisms are 
“exceptions,” it is expected that some “rules” 
of sexual reproduction might be illuminated. 

This is the main premise of the aptly titled 
Lost Sex, which spans intellectual history, the- 
oretical treatments, and empirical studies from 
a diverse menagerie of asexual systems, either 
derived by loss from sexual ancestors or also 
capable of sexual reproduction. Many authors 
participated in a series of European Science 
Foundation—funded workshops on the biology 
of parthenogenesis that looked “at the paradox 
of sex from an asexual perspective.” 

One important issue in the field of asexual 
biology is the divergence between botanists 
and zoologists in language and, possibly, in 
conceptual understanding. For example, in 
animals “apomixis” refers to a particular type 
of parthenogenesis, whereas in plants parth 
nogenesis is only a part of apomixis—so it i 
easy to see how confusing and difficult a syn- 
thesis of animal and plant research might be. 
The editors and authors are to be applauded 
for their considerable efforts to bridge this 
divide, Chapters by Peter van Dijk and by 
Per Stenberg and Anssi Saura together pro- 
vide much-needed primers on the sometimes. 
obscure terminology and often complex 
underlying genetic processes. Future prog- 
ress requires reconciliation of these worlds 
(and words). 

The first 10 chapters highlight introduc- 
tory and historical themes and develop the- 
oretical and philosophical issues regarding 
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Lost Sex 


of Parthenogenesis 


sizing aspects relevant 
to the evolution of sex. 
The volume starts with 
a bang: Bengt Bengts- 


and Peter van Dijk, Eds. 
Dordrecht, 
09. 633 pp. 


Springer, 


son’s provocative over- 
view both lays out the 
main issues for under- 
standing asexuality 
and challenges some conventional notions. 
He suggests that “any notion of a general evo- 
lutionary advantage for asexuality is at best 
misleading.” That point (somewhat contrary 
to the book’s theme) underlies his conclusion: 
“Asexual biology is interesting, not because 
of what it says about something else, namely 
sex, but because of what it says about the 
organisms under study.” The last two intro- 
ductory chapters consider the key and contro- 
versial issues of defining “clone” and “spe- 
cies.” Rather than advocate a particular con- 
cept of clone, Koen Martens, Hugh Loxdale, 
and Isa Sch6n want users to clearly state and 
cautiously deploy the concept they adopt. 
Insisting that species concepts can (and 
should) apply to asexuals, William Birky and 
Timothy Barraclough prescribe some practi- 
cal and tenable solutions to accomplish thi: 
The next 13 chapters present thorough case 
studies of the natural history and fascinating 
biology of various asexual taxa. Three cover 
the star “ancient” asexuals: darwinulid ostra- 
cods, oribatid mites, and bdelloid rotifers. The 
remainder describe a wide cast of other par- 


Cyclical parthenogens. Environmental cues trig 
ger sexual reproduction in monogonont rotifers 
(here, Brachionus calyciflorus). 


The Evolutionary Biology 


1sa Schon, Koen Martens, 


Neth: 
209, 


£144. ISBN 9789048127696. 


thenogenetic animal and plant groups, all of 
which are either closely related to sexuals or 
can themselves alternate between sexual and 
asexual reproduction, A theme run- 
ning through these chapters is that 
modern, rapidly developing genetic, 
molecular, and cytological tools place 
us on the brink ofa deeper understand- 
ing of these systems—which prom- 
ises a larger impact on what have been 
labors of love among a small number 
of dedicated investi; 

s¢ Sex concludes with four 
's on applied aspects of as 

ual reproduction. These cover 
topics as infectious diseases, pesticide resi 
tance in insects, the importance of epigenet- 
ics to cloning, and the implications of clon- 
ality for the stability of crop plants (here, 
wine grapes—a subject that goes well with 
discussions of sex). 

The chapters are ordered in a logical 
fashion, and there is some cross-referencing 
among them. As with many edited volumes, 
however, there are issues of evenness and rep- 
etition. Each chapter can be taken on its own, 
whereas a cover-to-cover read leads to consid- 
erable redundancy. A single glossary would 
have been more helpful than the several dis- 
tributed among chapters. Lastly, a more strin- 
gent editorial hand would have improved 
some chapters and generated more consis- 
tency throughout. 

The lack of coverage of some major 
groups of organisms largely reflects the 
field. Some asexual fungi are being studied 
and could have been included. But very little 
research is being done on asexuality in pro- 
tists, even though a number are suspected to 
have also lost sex. In contrast, the general 
exclusion of prokaryotes seems appropri- 
ate and justifiable: The central questions in 
the evolution of sex have been centered on 
the whole-genome reshuffling mode of sex 
that cukaryotes enjoy via meiosis, whereas 
bacterial “sex” can be deployed one or a few 
genes at a time. 

Overall, Lost Sex is praiseworthy fo 
conception and execution. The volume will 
appeal to both general readers and specialists 
and find a home on desks and bookshelves of 
faculty and students (for them, given its » 
likely from libraries). It should serve as an 
unrivaled resource for future studies on asex- 
ual organisms. 
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SCIENCE ANDTHE ARTS. 


Why Science? 
David Edwards 


cience advances by what can seem 
to be an occasional boom rising over 
chorus of mysterious whispers. It 
remains easier to say what scientists have dis- 
covered, or might discover, than to explain 
how or why, exactly, they discover anything, 
This difficulty to converse around scientific 
process short of pointing to startling out- 
come, or to the rattle of beakers in a lab, is 
more than a public communication problem. 
It limits opportunities for scientists to ques 
tion what they do, or how they do it, and con- 
ceivably slows down the advance of science. 
Fortunately, artists are learning to express an 
opinion. What these artists do, and sometimes 
say, is livening up the debate around scientific 
process, even while it is inevitably erasing 
some of the convenient, simplifying distin 
tions we have long made between art and 
ence, artists and scientists, and the distinctive 
roles and objectives of each. 

A few years ago, the Calouste Gulben- 
kian Foundation’s Sian Ede wrote a wise 
book, Art and Science (/). It spotlighted the 
phenomenon of artists—sometimes working 
with scientists, sometimes working alone, and 
even sometimes looking like scientists them: 
selves—exploring the meaning of scientific 
frontiers. Where Ede shows us why, Stephen 
Wilson's Art + Science Now shows us what. 
Where Ede paints a broad canvas with elo- 
quent and precise prose, Wilson (an art profes- 
sor at San Francisco State University) shares 
diverse imagery that marches us past artworks 
from 2000 through 2007 that were inspired by 
science and technology. 

Some of the works Wilson reviews probe 
popular and by now familiar questions about 
the future of biological science. In Genesis, a 
1999 installation by the Chicago artist Edu- 
ardo Kac, we have ima; sherichia 
coli bacteria colonies genetically modified to 
express in their DNA base pairs the Biblic: 
code. That theme was pursued more provoc: 
tively in Kac’s subsequent Alba (2000), a rab- 
bit modified genetically by French genetic 
Louis-Marie Houdebine to express green flu- 
orescent protein and glow in the shine ofa blue 
light. Alexis Rockman’s painting The Farm 
(2000) presents a Salvador Dali-like image 
of a sun-drenched field with farm animals 
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Art + Science Now 


distorted in ways that expressa [5 
probable bioengineered future. 
Inher installation Family Portrait 
(2002), Marilene Oliver recon- 
structs three-dimensional sculp- 
tures of four members of a family with slices 
of full-body magnetic resonance imaging 
(MRI) scans. Certain projects captured in the 
book explore the meaning of human identity 
even more obviously than they do the mean- 
ing of science—for example, Annie Cattrell’s 
i lation Sense (2001-3), which presents 
dimensional functional MRI s of 
human brain activity associated with specific 
emotions. That is now part of the permanent 
collection of London’s Wellcome Collection, 
one of several galleries that have emerged in 
Europe since 2007 where artists and designers 
actively explore science frontiers. 

Other projects included in Art + Science 
Now invite us to experience worlds accessible 
only through scientific research. In Evelina 
Domnitch and Dmitry Gelfand’s Camera 
Lucida (2005-6), installed at Nijo Castle in 


ame 


Daniel Palacios Jiménez, Waves (2006). 


Kyoto (and more recently at the Science Gal- 
lery in Dublin, another of the new art and 
cience galleries), viewers could manipu- 
late a musical composition, which was sub- 
sequently converted into ultrasound waves 
at variable frequencies to produce sonolumi- 
nescent images in liquid. Jean Dubois and 
Philippe Jean’s Radicaux Libres (2006), fol- 
lowing Brian Knep’s powerful Healing instal- 
lation (2005) at Harvard University’s Memo- 
rial Hall, produced a temporary site-specific 
work in which visitors’ movements in a space 
trigger the appearance of light images that 
form behind their feet. These floor images 
turn into letters that trail visitors as they con- 
tinue forward, forming words and expressions 
for everyone to see—as if invisible virtual 
worlds might, like the shadow of Peter Pan, 
suddenly spin away from us, another kind of 
questioning of identity. 

Certain art projects in the book appear 
closer to scientific research itself. This is the 
case with New York artist Natalie Jeremijen- 


by Stephen Wilson 
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ko’s OneTrees (1999-2004), in 
which she planted 80 geneti- 
cally identical plantlets around 
San Francisco and monitored 
the influences of environment 
(they were significant), in an attemptto explore 
“our own agency in the world.” Massachus 
Institute of Technology-trained computer art- 
ist Ben Fry’s Valence (1999-2002) explored 
the structural relationship among words in 
Mark Twain’s Innocents Abroad. It projected 
words onto a screen as his program received 
page after page of text, with more commonly 
appearing words moving to the periphery of 
the screen and displacing less commonly used 
words to the center. 

Wilson covers so much ground and writes 
with such informality that his insights, where 
they near scientific frontiers, can fall short of 
helpful explanation. He is occasionally dis- 
missive of scientific aims, as when he writes 
of the limits of artificial intelligence or of 
artist fears of bioengineering doom. But the 
sheer vastness of Wilson’s contemporary art 


exploration of science is fascinating. Artworks 
today can be as fleeting as the scientific pro- 
cess they ofien seek to explore. Art + Science 
Now captures and pre: special moment 
in the history of artistic practice and positions 
it within what is the inextricable relationship 
between science and s 

The quest to participate in the advance of 
science through artistic creation and expre: 
sion goes back to the origins of 
and has attracted such prominent scien: 
and artists as Johannes Kepler, Leonardo 
da Vinci, Louis Pasteur, and John Cage. If 
during the technology revolutions of the 
past two centuries we often lost sight of this 
broad, autocatalytic, and sometimes self- 
contradictory dimension of human inquiry, 
it seems likely that the 21st century is about 
to put us back on track. 


erves 
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LAND USE 


Does REDD+ Threaten to 
Recentralize Forest Governance? 


Jacob Phelps,’ Edward L. Webb,'* Arun Agrawal? 


ver the past 25 years, developing 
countries have transitioned toward 
decentralized forest management 
that allows local acto d rights and 


fore: 
to mitigating terrestrial emissions a 
with climate change, Reducing Emis 
from Deforestation and Forest Degradation 
(REDD+), is poised to interrupt this trend. 
Given the implications for tropical forest man- 
agement, REDD+ governance links should be 
a research priority (7). 


Decentralization 
Decentralized resource management in the 
developing world has been called “the mo: 
significant ... most distinctive and [most] vi 
ible shift in national environmental policies 
since the late 1980s” (3). At its most exten- 
sive, decentralization allows stakeholders to 
redefine ownership, use, and management of 
forests (4, 8). Governments have decentral- 
ized forest management for many reasons: to 
reduce costs and increase efficiency by trans- 
ferring responsibilities, to 
respond to local demands for 
rights and international donor 
pressures to transfer benefits to 
users, and in recognition that 
conservation is possible across 
diverse tenure regimes (2, 3). 
Decentralization reforms have 
primarily targeted low-value 
forests (2, 9); central govern- 
ments have mostly reserved 
control of forests suitable for 
commercial exploitation (/) or 
biodiversity conservation (9). 
Outcomes vary, but effec- 
tive decentralization reforms 
have increased local actors’ 
benefits and rights in forests 
(3), reduced costs of protec- 
tion (5), and provided oppor- 
tunities for biodiversity con- 
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servation (/0). A recent analysis of 80 forest 
common 
making autonomy at the local level is as 
ated with greater forest carbon storage and 
higher livelihood benefits (//). 

However, when presented with strong 
incentives, central governments have at times 
reversed forest policy decentralization (/2, 
13). Centralized governance can protect for- 
ests and enhance regrowth, but it requires 
costly enforcement (/4); is isolated to within- 
park boundaries (/5); and can result in resent- 
ment among excluded users, which under- 
mines conservation goals (/6). 


a proposed performance-based 
mechanism under negotiation through the 
United Nations Framework Convention on 
Climate Change (UNFCCC), in which devel- 
oped country donors, corporations, nongov- 
ernmental organizations, and individuals will 
compensate developing countries for forest 
emissions reductions, including through mar- 
ket mechanisms (see the chart on page 313) 
(17, 18). Payments will require 
demonstrated emissionsreduc- 
tions through improved forest 
protection, sustainable forest 
management, and/or enhance- 
ment of carbon stocks (/9). 
REDD+ will be a key emis- 
sions mitigation strategy as 
evidenced by extensive donor 
investments to prepare devel- 
oping countries to implement 
REDD+, e.g., $4.5B from six 
developed countries by 2012 
(20-22). By 2020, REDD+ 
investments may reach $30B a 
year (2/). 

Under REDD+, recipient 
governments will devise strat- 
egies for national land-use 
and forest-sector planning, 
stakeholder negotiations, ten- 
ure clarification, carbon bro- 
kering, national-level carbon 
accounting, and provision of 
funds and services to local 
actors (see the chart on page 
313). A national approach is 
considered integral to the suc- 


A major new approach to emissions mitigation 
may interrupt a promising trend toward 
decentralized forest management. 


of REDD+ projects: It can help avoid 
leakage (23); ensure permanence; and pro- 
vide reliable monitoring, reporting, and ver- 
ification (MRV) (/9). This approach effec- 
tively converts national governments into 
the principal forest stakeholders. 


REDD+ Reversing Decentralization Trends 
Although there are efforts to promote com- 
munity involvement in REDD+ (24), fund- 
ing and requirements for REDD+ may 
undermine decentralization. Generous, 
long-term REDD+ funding will consid- 
erably reduce past financial burdens that 
motivated decentralization. A conserva- 
tive market-value estimate of $1.2 billion 
per year for avoided deforestation (25) 
exceeds current global investment for for- 
est conservation. For example, the market 
value of avoided deforestation for Indone- 
sia [U.S.$108M per year (25)] exceeded the 
entire 2005 Department of Forestry budget 
[S102M (26)]. 

REDD+ implementation will place 
new demands on national forest managers: 
detailed carbon-oriented forest management 
plans, reliable baseline data and subsequent 
quantitative MRV of emissions reductions at 
the national level, and resources for brokering 
deals between buyers and sellers (27). These 
demands would impose prohibitive costs for 
small-scale initiatives (27), but a centralized 
ystem would benefit from economies of 
le, coordination, and standardization (/4). 
Communities may participate in collecting 
fores' cific data, but carbon accounting, a 
major REDD+ component, will require cen- 
tralized management. 

By monetizing forest carbon, REDD+ 
will substantially increase the market value 
of forests, including those previously con- 
sidered marginal, incentivizing central gov- 
ernments to increase control. Under a perfor- 
mance-based payment mechanism, govern- 
ments will be pressured to avoid the risk of 
nonpayment resulting from local-level fail- 
ures. Evidence suggests that central govern- 
ments affirm control over forests considered 
“critical” to national welfare for conserva- 
tion, protection of ecosystem services, or 
national economic interests (/6). With bil- 
lions of dollars at stake, governments could 
justify recentralization by portraying them- 
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INTERNATIONAL LEVEL 


Future markets 


Early-action readiness funding 


Fund-based finance 


NATIONAL LEVEL 


National government 
+ Establish and manage protected areas 
* Pursue sustainable forest management and carbon 
stock enhancement 
+ Reform policies and land-use planning 
+ Provide reliable MRV 
+ Enforce compliance 
+ Establish land-carbon tenure 
+ Provide social services and rural development 
* Negotiate with stakeholders 
+ Broker carbon deals 


Prospective state-centric REDD+ mechanism. Elements of the figure are based in part on (18). 


selves as more capable and reliable than local 
communities at protecting national intere: 
This could involve imposition of excessive 
requirements (/) or even evictions of local 
users, as in some national parks (28). 


Balancing Multiple Incentives of REDD+ 

Many governments have yet to apply lessons 
of decentralization to REDD+ strategies. 
Of the 34 nationally appropriate mitigation 
actions submitted by developing countries to 
the UNFCCC, 12 identified centrally coordi- 
nated forest-based mitigation actions without 
mention of decentralization (29, 30). More- 
over, a majority of submissions for REDD+ 
“readiness” funding from the World Bank 
did not adequately address governance chal- 
lenges, such as tenure, benefit sharing, and 
local engagement (3/). After feedback from 
donors, some proposals adopted the language 
of local participation and benefit sharing (22) 
Evidently, the incorporation of decentral- 
ized strategies and community participation 
in REDD+ will depend on concrete incen- 
tives. However, individual donor safeguards 
may not be consistent or rigorous, and the 
UNFCCC does not currently mandate safe- 
guards, benefit sharing, or local involvement 
(/9). Furthermore, carbon markets seeking 
cheap verifiable credits will have little incen- 
tive to create local partnerships. It is there- 
fore urgent that as major REDD+ financial 
transfers occur, ground-level projects include 
decentralized strategies; heavily centralized 
REDD+ implementation can be detrimental 
to efficiency and equity (32). 


The Way Forward 

Communities should have control over local 
REDD+ design and implementation. Govern- 
ments may propose REDD+ sites, support 
low-emissions rural-development strategies, 
and deliver payments and/or services as incen- 
tives (33). Local users should be given author- 
ity, information, and support to determine 
whether they engage with REDD+, to align 
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their management, monitoring, and enforce- 
ment with low-emissions objectives, and to 
negotiate revenue sharing. New research is 
necessary to optimize REDD+ effectiveness 
through a combination of decentralized and 
centralized forest governance. We must better 
understand trade-offs and synergies between 
tural livelihood activities (34), alternative land 
uses, and REDD+ goals. Research should also 
focus on how carbon sequestration varies with 
differing levels ofcommunity engagementand 
autonomy, and across diverse tenure regimes. 
Studies of the practicality and acceptability to 
international markets of low-cost community- 
based MRV strategies will help determine the 
feasibility of decentralized MRV. 
Abbreviated timelines (2/, 22) make it 
doubtful whether pilot studies will mature 
before global-scale REDD+ implementa- 
tion. There is a tension between the urgency 
to reduce emissions and the need for science- 
based REDD+ governance that could enhance 
forest carbon sequestration while benefiting 
millions of forest-dependent people. 
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MOLECULAR BIOLOGY 


Dicer's Cut and Switch 


Qinghua Liu and Zain Paroo 


popt is an essential develop- 
mental process in which a highly 
concerted series of biochemical 


events directs cell disassembly and death. 
Degradation of chromosomal DNA is a 
defining characteristic of apoptosis, involv- 
ing distinct deoxyribonucleases that i 
ate DNA fragmentation (initiator DNa 
and metabolize residual DNA (progres 
DNases). On page 327 of this issue, Naka- 
gawa ef al. (/) report an unexpected role in 
apoptotic DNA degradation for an enzyme 
that was previously known for its role in 
RNA interference (RNAi). 

The first advance in understanding the 
mechanistic basis of apoptosis was the iden- 
tification of ced-3, the gene that encodes a 
cysteine protease (caspase) in the nematode 
Caenorhabditis elegans (2, 3). CED-3 and 
other caspases function in a cascade to acti- 
vate a spectrum of effectors for cellular disso- 
lution. Although progressive DNases are com- 
mon to nematodes and mammals, initiators of 
DNA cleavage in C. elegans have been elu- 
sive. In mammals, DNA fragmentation fac- 
tor (DFF40) [also known as caspase-activated 
deoxyribonuclease (CAD)] is sequestered ina 
complex with DFF45 [also called inhibitor of 
CAD (ICAD)] (4, 5). Upon induction of apop- 
tosis, activated caspases cleave the inhibitory 
DFF45 subunit, thereby freeing the DFF40 
subunit to initiate chromosome cleavage, gen- 
erating 3’ hydroxyl DNA breaks. 

To identify the functional equivalent of 
mammalian DFF in C. elegans, Nakagawa 
et al, conducted a targeted RNAi screen. 
Candidate initiator DNases were selected 
through informatics searches and not lim- 
ited solely to annotated DN Surpris- 
ingly, a gene (der-1) encoding a ribonu- 
clease called Dicer was identified as a weak 
hit in the screen, Dicers are highly conserved 
RNase III enzymes that function in tandem 
with double-stranded RNA binding proteins 
(dsRBPs) in processing dsRNA to small 
regulatory RNA (6, 7) (see the figure). These 
small RNAs effect RNAi by programm- 
ing Argonaute proteins to guide sequence- 
specific silencing of messenger RNA (8). 

Recognizing that the targeting of der-/ 
by RNAi was achieved with low efficiency, 
Nakagawa ef al. confirmed the initial finding 
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An enzyme that cleaves RNA is converted to a 
DNA-cleaving enzyme during programmed cell 
death in Caenorhabditis elegans. 
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RNA and DNA substrate crossover. The RNase III Dicer functions with a double-stranded RNA binding 
protein (dsRBP) in processing long double-stranded RNA (dsRNA) to small RNAs. In C. elegans, the CED-3 
protease cleaves Dicer (or a Dicer-dsRBP complex), which inactivates its RNase function, The truncated Dicer 
product gains DNase function and initiates breaks on chromosomal DNA. Progressive DNases further metabo- 
lize DNA fragments to complete apoptotic DNA degradation. 


by examining two different nematode strains 
lacking the der- gene, both of which exhib- 
ited a stronger apoptotic phenotype. His- 
torically, loss-of-function experiments that 
involve RNAi components have been used 
to infer functional roles for small RNAs (9). 
Given the wide spectrum of biological pro- 
cesses governed by such regulatory RNAs, 
it seemed plausible that small RNAs might 
be involved in apoptotic DNA degradation. 
However, animals defective for other RNAi 
components did not produce the same pheno- 
type as that of the dcr-/ mutants, indicating an 
RNAi-independent role for Der-1 in apoptotic 
DNA fragmentation. 

Nakagawa ef al. postulated that Der-1 
might be a direct target of the CED-3 caspase 
because the lack of functional Der-1 reduced 
the number of cell deaths induced by consti- 
tutively activated CED-3. Indeed, recombi- 
nant CED-3 cleaved Der-1 in its RNase Illa 


domain, producing a truncated Der-1 con- 
sisting of only an RNase IIIb domain and a 
dsRNA binding domain. Because both RNase 
II domains are required for dsRNA proc 
ing (10-12), this cleavage abolished RNase 
activity. Remarkably, truncated Der-1, but 
not full-length Der-1, exhibited DNase activ- 
ity, generating 3’ hydroxyl DNA breaks much 
like initiator DNases in mammalian cells. 
Moreover, mutation of catalytic RNase resi- 
dues in full-length Der-1 abolished both RNA 
and DNA cleavage activity, These findings 
indicate that CED-3 switches Der-1 from an 
RNase to a DNase. 

Through a series of elegant genetic exper- 
iments, Nakagawa e? al. further demonstrate 
that cleavage of Der-1 by CED-3 is required 
for promoting apoptosis. In addition to defi- 
ciencies in apoptosis, der-/ mutants exhibit 
aberrant vulvar anatomy due to defective 
production of microRNA. In dcr-/ mutants, 
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expression of a der-/ transgene that lacks a 
cleavage site for CED-3 rescued the devel- 
opmental (vulva) defect, but not the apop- 
totic phenotype. Conversely, transgenic 
expression of the truncated form of Der-1 in 
dcr-] mutants rescued apoptosis but not the 
vulvar phenotype. 

This highly unexpected role for Der=1 in 
early apoptotic DNA degradation has numer- 
ous important implications. Caspase-medi- 
ated activation of DNA degradation now 
appears conserved from nematodes to mam- 
mals. Full-length Der-1 (and/or Der-1 in 
complex with a dsRBP) maintains an inac- 
tive DNase in a manner similar to the DFF40- 


DFF45 complex in mammals. Cleavage of 
Der-1 by CED-3 activates a functional DNase 
that generates 3’ hydroxyl DNA breaks, 
which are subsequently resolved by progres- 
sive DNases. Conservation of this enzymatic 
switch may mean that Dicer also serves as 
an apoptotic DNase in higher organisms. 
The DNase activity of Dicer may also gov- 
ern other aspects of chromosome dynami 
Thus, it may be prudent to consider RNAi- 
independent mechanisms underlying the phe- 
notypes of dicer mutants. Perhaps most excit- 
ing will be determining the extent to which 
regulators of nucleic acid function exhibit 
substrate crossover, and the mechanisms 
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through which this switching may occur. 
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CHEMISTRY 


In Pursuit of Water Oxidation 
Catalysts for Solar Fuel Production 


James K. Hurst 


oughly three-fourths of the power 
R generated globally comes from burn- 

ing fossil fuels. For solar energy to 
compete directly as a replacement, technol- 
ogies are needed to capture this energy ina 
chemical form—as a fuel—so it can be used 
when sunlight is not available. One bottle- 
neck in the development of practical solar 
fuels is the water oxidation reaction. Water is 
the only potential source of electrons capable 
of reducing protons to H, or CO, to carbona- 
ceous fuels ona global scale. Thus, while there 
may be many options for reduction catalysts, 
redox cycling inevitably requires the coupling 
of reduction reactions to water oxidation (see 
the figure, panel A). On page 342 of this issue, 
Yin ef al. (/) report on a water-soluble water 
oxidation catalyst that has a reaction center 
containing four cobalt (Co) atoms. Its sur- 
rounding ligands are not organic groups but 
are polyoxotungstate (PW,O,,”°) anions that 
resemble the solid oxide supports of hetero- 
geneous catalysts, This catalyst weds the best 
features of extant heterogeneous and homo- 
geneous catalysts while remedying many of 
their respective disadvantages. 

The task of developing a catalyst that meets 
the diverse criteria for practical applications is 
daunting. The half-reaction comprising water 
oxidation, 2H,O — O, + 4H’ + de’, isa chem- 
ist’s nightmare, in that it involves multiple 
bond rearrangements between two molecules 


Department of Chemistry, Washington State University, 
Pullman, WA 99164-4630, USA. E-mail: hurst@wsu.edu 


www.sciencemag.org SCIENCE VOL 328 


that must be carefully synchronized with the 
removal of protons and electrons if the forma- 
tion of rate-retarding, high-energy intermedi- 
ates is to be avoided. Moreover, to be of use 
in large-scale applications, the catalysts must 
stay active for extended periods of time or be 
easily regenerated, and must be made from 
readily available and inexpensive materials, 
Both homogeneous and heterogeneous 
catalysts have advantages and drawbacks 
for water oxidation. Homogeneous catalysts 


Light energy 


0, +4H* 


(P77 Bia (or CHy0 + 4:0) 


4Kt (+ CO,) 


Adurable molecular catalyst for water oxidation 
has been made from readily available and 
relatively inexpensive materials. 


permit maximal dispersion of catalytic cen- 
ters (and hence maximal reactivity), and in 
most cases, many well-characterized vari- 
ants can be synthesized with different ligand 
environments, All of these features foster 
performance optimization. However, cur- 
rently available catalysts tend to rapidly lose 
their catalytic capabilities because they con- 
tain heterocyclic organic ligands that easily 
degrade (2-4) in the hostile environments 
required to oxidize water. These catalysts are 


Artificial photosynthesis. (A) A water oxidation catalyst (WOO) transfers electrons from water to photoactive 
assemblies that promote photoinitiated charge separation for reduction of protons to hydrogen or carbon 
dioxide to organic compounds. In this generic scheme, the photoactive device comprising a photosensitizer 
and reduction catalyst might be assembled on an electrode, suspensions of small particles, or conducting 
organic or inorganic membranes capable of directing charge transport. Formaldehyde is shown as one of 
several possible CO, reduction products. (B) A schematic drawing of the water oxidation catalyst reported 
by Yin et al. depicts the Co,0,, core with cobalt atoms in purple and oxygen atoms in red. The WO, units are 
depicted as gray octahedra, and phosphate groups are shown as orange tetrahedra. 
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also not amenable to regenerative self-repair 
processes. The reactive sites of heterogeneous 
catalysts are located within chemically robust 
inorganic lattices, often allowing better reten- 
tion of activity (5, 6), which may include 
regeneration by simple dissolution-deposi- 
tion recycling (7). However, these materials 
are generally less adaptable to device fabrica- 
tion and mechanistic analyses. 

The chemically inert, inorganic polyoxo- 
metalate (POM) ligand anions have been 
used previously to provide a framework for 
assembly of catalytically active Ru,O, clus- 
ters (8, 9), These compounds span the inter- 
face between molecular catalysts in solution 
and solid-phase particulate catalysts, combin- 
ing the best features of both. Moreover, their 
relatively high catalytic activity toward water 
oxidation remains undiminished after many 
cycles of O, formation. However, one serious 
disadvantage common to many other water 
oxidation catalysts is the use of ruthenium 
(or iridium) in the catalytic center. These ele- 
ments are among the least abundant metals 
in Earth’s crust, more so even than platinum, 
which calls into question their availability for 
large-scale application to photoproduction 
of H, or organic fuels. 

Seeking alternatives, Yin ef al. surveyed a 
group of previously synthesized POM com- 
plexes that contain Co, an Earth-abundant 


metal, for water-oxidizing capabilities (see 
the figure, panel B). Of the eight compounds 
investigated, one displayed performance char- 
acteristics that were comparable to those of 
the Ru,O, POM complex ion. This discovery 
vindicates the strategy implicit in the use of 
POM ligands to construct superior soluble 
catalysts. The synthetic versatility of this class 
of compounds should allow structure-func- 
tion relations to be explored, which is the key 
to informed development of more active cata- 
lysts, A second highly desirable aspect of these 
compounds is their capacity for self-assembly, 
which might be exploited for periodic catalyst 
rejuvenation similar to that recently demon- 
strated for cobalt phosphate precipitates (7). 
Much of the early research on metal ion- 

catalyzed water oxidation took a biomimetic 
approach. Attempts were made at duplicating 
the structural features of the inorganic core 
of the biological oxygen-evolving complex, 
now known to be an asymmetrical Mn,O,Ca 
cluster, in simpler multicentered coordination 
complexes, without much success. Recent dis- 
coveries, primarily with Ru complexes, have 
provided examples of catalysis by mono- (/0, 
11), di- (12, 13), and tetranuclear complexes 
(8, 9), some of which have been shown or are 
predicted to react by very different pathways 
(3, 10-14). A striking example of this vari- 
ability in structural morphology is found in 


the POM-ligated catalysts, where the tetra- 
ruthenate core adopts an adamatane (cuboi- 
dal) arrangement (8, 9), but the four cobalts 
are aligned in a near-linear array between the 
two POM ligands (/). What is clear from this 
recent body of work is that there are numer- 
ous ways to form O, from two water mole- 
cules, and that the options for catalyst devel- 
opment available to inorganic chemists are 
far greater than previously recognized. 
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CLIMATE CHANGE 


Tracking Earth's Energy 


Kevin E. Trenberth and John T. Fasullo 


y measuring the net radiative incom- 
B= and outgoing energy at the top 

of Earth’s atmosphere, it is possible 
to determine how much energy remains in 
the Earth system. But where exactly does 
the energy go? The main energy reservoir 
is the ocean, which sequesters energy as 
heat. Because energy is exchanged between 
the atmosphere and the ocean, this heat can 
resurface at a later time to affect weather 
and climate on a global scale. A change in 
the overall energy balance will thus sooner 
or later have consequences for the climate. 
Existing observing systems can measure 
all the required quantities, but it neverthe- 
less remains a challenge to obtain closure of 
the energy budget. This inability to properly 
track energy—due to either inadequate mea- 
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surement accuracy ot 
cessing—has implications for understanding 
and predicting future climate. 

To understand how energy is taken 
up and later released by the cl 
tem, consider the natural variability from 
El Nifio Southern Oscillation. The cold 
sea surface temperatures in the equatorial 
Pacific present in normal or La Nifia condi- 
tions create conditions favorable for fewer 
clouds and more sunshine and a build-up of 
heat in the ocean as a precursor of El Nifio 
(1). The spread of warm waters across the 
Pacific, together with changing winds, in 
turn promotes evaporative cooling of the 
ocean, moistening the atmosphere and fuel- 
ing tropical storms and convection over 
and around the anomalously warm waters. 
The changed atmospheric heating alters the 
jet streams and storm tracks and controls 
weather patterns for the duration of the El 


Where has the energy from global warming 
gone? 


Nifio event (2). The loss of heat can in turn 
lead to La Nifi 

A strong La Niiia event in 2007-2008 
spilled over to the 2008-2009 northern win- 
ter, causing cooler than normal weather across 
North America and elsewhere (3). By June 
2009, the situation had reversed as the next, 
comparatively moderate El Nifio emerged. 
Multiple storms barreled into Southern Cali- 
fornia in January 2010, consistent with expec- 
tations from the El Nifio. 

The human influence on climate, mostly 
by changing the composition of the atmo- 
sphere, must influence energy flows in the 
climate system (4). Increasing concentra- 
tions of carbon dioxide (CO,) (see the fig- 
ure) and other greenhouse gases have led 
to a post-2000 imbalance at the top of the 
atmosphere of 0.9 + 0.5 W m® (5); it is this 
imbalance that produces “global warm- 
ing.” It is possible to track how much extra 
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energy has gone back to space as the planet 
warms (6) and where the rest of the energy 
has accumulated (7) (see the figure). Over 
the past 50 years, the oceans have absorbed 
~90% of the energy added to the climate 
system; the rest has gone into melting sea 
and land ice and heating the land surface and 
atmosphere (4). CO, concentrations have 
further increased since 2003, and even more 
heat should have accumulated at a faster rate 
since then. Where has this energy gone (see 
the figure)? 

The difference between the incoming 
and outgoing energy—the planetary energy 
imbalance—at the top of the atmosphere is 
too small to be measured directly from sat- 
ellites. Nevertheless, the satellite measure- 
ments are sufficiently stable from one year 
to the next, so that by measuring incoming 
solar radiation and outgoing infrared radia- 
tion, it is possible to track changes in the net 
radiation (8, 9). This includes tracking the 
slight decrease in solar insolation since 2000 
with the ebbing | 1-year sunspot cycle: this 
decrease is enough to offset 10 to 15% of the 
estimated net human-induced warming (7). 


In 2008, for the tropical Pacific during La 
Nifia conditions, extra energy absorption at 
the top of the atmosphere was observed as 
expected (9). Since 2004, ~3000 Argo floats 
have provided regular temperature sound- 
ings of the upper 2000 m of the ocean, giv- 
ing new confidence in the ocean heat con- 
tent assessment—yet, ocean temperature 
measurements from 2004 to 2008 suggest a 
substantial slowing of the increase in global 
ocean heat content (see the figure, panel A) 
(/0). If the extra energy has not gone into the 
ocean, where has it gone? 

Another perspective on where energy 
from global warming has gone comes from 
rising sea level. Since 1992, sea level obser- 
vations from satellite altimeters at millimeter 
accuracy have revealed an essentially linear 
global increase of ~3.2 mm per year, with an 
enhanced rate of rise during the 1997-1998 
El Nifio and a brief slowdown in the 2007 
2008 La Nifia. Since 2003, gravity measure- 
ments from the Gravity Recovery and Cli- 
mate Experiment (GRACE) of the change 
in glacial land ice and water have shown an 
increase in ocean mass. This eustatic compo- 
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nent of sea level rise may have compensated 
for the decrease in the thermosteric (heat- 
related expansion) component (//, 2). How- 
ever, for a given amount of heat, sea level rise 
can be achieved much more efficiently—by a 
factor of 40 to 70 typically —by melting land 
ice rather than expanding the ocean (7). So, 
although some heat has gone into the record- 
breaking loss of Arctic sea ice, and some 
has undoubtedly contributed to the unprece- 
dented melting of Greenland (/3) and Antarc- 
tica (/4), it does not add up to anywhere near 
enough to account for the measured energy 
difference at the top of the atmosphere. 

Closure of the energy budget over the 
past 5 years is thus elusive (7). State-of-the- 
art observations are unable to fully account 
for recent energy variability. Is the warming 
associated with the latest El Nifio a manifes- 
tation of the missing energy reappearing? 

Proposals for addressing global warming 
now include geoengineering, whereby tiny 
particles are injected into the stratosphere to 
emulate the cooling effects of stratospheric 
aerosol of a volcanic eruption (/5). Implic- 
itly, such proposals assume understanding 
and control of the energy flow, which requires 
detailed tracking of energy within the climate 
system. How can we understand whether the 
strong cold outbreaks of December 2009 are 
simply a natural weather phenomenon, as 
they seem to be, or are part of some change 
in clouds or pollution, if we do not have ade- 
quate measurements? 
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means of global mean surface temperature anomalies relative to 1901 to 2000 from NOAA [red (thin) and 26. NCARis sponsored by the National Science Foundation, 
decadal (thick)] in degrees Celsius (scale lower left), carbon dioxide concentrations (green) in parts per mil- Pisveaee ts pastel spore ly the NORAD 
tion by volume (ppmv) from NOAA (scale right), and global sea level adjusted for isostatic rebound from AVISO He grant renee 
(Archiving, Validation and Interpretation of Satellite Oceanographic Data) (blue, relative to 1993, scale at left 
in millimeters). Decadal filter from (4). 
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Cooling Energy-Hungry Data Centers 


G. |. Meijer 


oon after the Internet took off in the 
S mid-1990s, enterprise computing 
infrastructures with warehouses full of 
servers, known as data centers, became com- 
monplace. The energy consumption chal- 
lenges posed by such data centers are consid- 
erable. The power dissipation of servers has to 
be managed skillfully, Perhaps surprisingly, 
the power consumption of the cooling infra- 
structure that is required to keep the micro- 
electronic components from overheating is 
on a par with that of the servers themselves. 
In 2009, an estimated 330 terawatt-hours 
of energy about 2% of the global electricity 
production—was consumed to operate data 
centers worldwide (/). Apart from the sheer 
economic impact (U.S.$ 30 billion), there are 
also considerable ecological consequences. 
The International Energy Agency estimated 


sistors, leakage currents consume more por 
than the actual computational proc 
alleviate this burden, new materials were 
introduced in the late 2000s. Most notably, the 
replacement of the SiO, gate oxide, which is 
only a few atomic layers thick, with a physi- 
cally thicker layer of a hafnium-based oxide 
enabled an appreciable reduction of the gate 
tunneling currents while maintaining the elec- 
trical performance of the transistor (5, 6). Nev- 
ertheless, keeping the gate leakage power per 
unit area below | kW cm? will remain a par- 
ticularly difficult issue, especially for scaled- 
down devices beyond the 2013 horizon. 
Consequently, amid the new microproces- 
sor generations. the prospect of restraining the 
power dissipation at peak performance still 
looks grim. For high-performance micropro- 
cessor circuitry, the power dissipation is pro- 


The information technology industry is 
focusing on approaches to hot-water cooling 
for the design of energy-efficient data centers. 


the electricity consumption currently goes 
toward powering this cooling infrastructure. 
It therefore appears ironic that Moore’s law (a 
projection of microprocessor performance) is 
widely known and often cited, while increas- 
ingly critical physical laws of thermodynam- 
ics receive little popular attention, 

The first law of thermodynamics states 
thatenergy is conserved, The electrical energy 
that is supplied to the computer system is 
eventually entirely converted into thermal 
energy. The standard method to remove this 
heat is by forced circulation of large amounts 
of chilled air. Massive heat sinks with long 
and fine-pitched fins protruding from a heat- 
spreader base are used to enhance the con- 
vective heat transfer from the hot modules 
to the cold air (see the figure, panel B). The 
collected heat is then expelled to the outside. 


Heat generation and cooling 
in the data center. (A) Trans- 
mission electron microcopy 
image of a transistor. Heat is pri- 
marily generated near the gate 
oxide (marked red). (B) Cross- 
section of microprocessor mod- 
ule with air-cooled heat sink. 
Area in red indicates location of 
microprocessor. (C) Cross sec- 
tion of microprocessor module 
with liquid-cooled microchannel 
heat sink, 


that the greenhouse-gas emissions associated 
with the electricity production was around 
200 million metric tons of CO, and accounted 
for 0.7% of the global energy-related CO, 
emissions. This prompted increased scrutiny 
from regulators (2, 3). 

The information-technology industry 
therefore needs efficacious concepts to reduce 
the energy consumption of data centers. The 
key culprits are the server microprocessors, 
or more precisely, the transistors inside these 
microprocessors (see the figure, panel A). 
Currently, transistors with 45-nm lateral fea- 
tures are in volume production, and the pace 
of miniaturization continues unabated (4). Itis 
a formidable challenge to keep the power dis- 
sipation of these transistors within acceptable 
limits. With shrinking dimensions of the tran- 
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20nm 


jected to stay around 50 W cnr, a value that 
is several times greater than that of a stove’s 
hot plate. Hence, if the data-center power- 
issipation issue cannot be mitigated at its 
source, what can be done to reduce the total 
energy consumption and carbon footprint? 

For the newest members of micropro- 
cessor families, sophisticated circuit archi- 
tectures have been introduced, which allow 
the power associated with computational 
processes and also the leakage power to be 
adapted (7, 8). The microprocessor frequency 
can be adjusted and circuit blocks can be tem- 
porarily powered down completely when not 
in use. These innovations lead to energy sav- 
ings for a computational load that comes in 
bursts or that is bound to memory latency or 
input/output operations. 

An alternative approach is to tackle the 
problem at the cooling infrastructure (9). 
Approximately 50% (industry average) of 


10mm 


A straightforward approach to reducing the 
energy consumption of the cooling infra- 
structure is through a careful segregation of 
the chilled- and the hot-air flows. 

The real key to ratcheting down the 
energy consumption of a computing facil- 
ity is liquid cooling, The reason is that ther- 
modynamically liquid cooling is much more 
efficient than air cooling because the heat 
capacity of liquids is orders of magnitude 
larger than that of air (for example, for water 
it is 4 MJ m* K™ versus | kJ m* K" for 
air). Once the heat has been transferred to 
the liquid, it can be handled very efficiently. 
Critics of liquid cooling might contend that 
it comes at the price of increased mechanical 
complexity. True, but this can be managed as 
computers were once equipped with liquid 
cooling when the power density of bipolar- 
transistor—based computer systems reached 
its peak during the 1980s. For example, the 
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Cray-2 supercomputer used liquid immer- 
sion cooling (0). 

Recently, chilled-liquid cooling was rein- 
troduced in high-end mainframes and densely 
packed servers to cope with the high heat 
fluxes. Yet, liquid cooling can be taken further 
if we consider a microfluidic heat sink (//) 
(see the figure, panel C). Microchannel heat 
sinks can be designed such that the thermal 
resistance between the transistor and the fluid 
is reduced to the extent that even cooling- 
water temperatures of 60° to 70°C ensure no 
overheating of the microprocessors. This hot- 
water cooling has compelling advantages. 
First, chillers are no longer required year- 
round and thus the data-center energy con- 
sumption plummets by up to 50%. Second, 
and perhaps most important, direct utiliza- 


tion of the collected thermal energy becomes 
feasible, either using synergies with district 
heating or specific industrial applications. 
With such an appealing waste-heat recovery 
system, the green diligence of data centers 
would be upped substantially. 

Reducing the energy consumption of 
data centers and concomitantly restrain- 
g costs, while curtailing carbon emi: 
sion, is achievable. Despite power dis 
tion in microprocessors continuing to be 
a source of severe concern, liquid cooling 
and deploying waste heat appear to become 
imperative in the drive for improving the 
data-center energy efficiency. 
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The Future of Metals 


K. Lu 


n 15 December 2009, the world’s 
Or: fuel-efficient commercial jet- 

liner—the Boeing 787 Dreamliner— 
completed its first flight. The airliner is mostly 
made from carbon fiber-reinforced poly- 
meric composites (50% by weight, up from 
12% in the Boeing 777) (/). Traditional met- 
als are substantially replaced by composites 
with higher strength/weight ratios; aluminum 
usage has dropped to 20% (versus 50% in 
the 777). Ever since the 1950s, when “engi- 
neering materials” mainly meant metals (2), 
the share of metals in engineering materials 
has been diminishing. What are the reasons 
behind this trend, and which applications are 
likely to stay in the domain of metals? 

The main property limitation of metals 
tructural materials is their low specific 
strength (the strength/weight ratio). Most 
engineering designs call for structural materi- 
als that have high strength, fracture toughness 
(a measure of the energy required for prop: 
gating cracks), and stiffness while minimiz- 
ing weight. Most metals have high strength 
and stiffness, but because they are dense 
(steels are several times as dense as ceram- 
ics and polymers), their strength/weight and 
stiffness/weight ratios are low relative to 
competing materials (sce the figure). This is a 
key reason for replacing metals in aircraft and 
sporting goods, where weight is a primary 
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concern. Some metals such as aluminum and 
magnesium are light, but they are too soft for 
many applications and have low toughness 
and stiffness. Titanium alloys partly over- 
come these problems: They are about half as 
dense as steels, have higher strength, and are 
very tough. Titanium was first used in airlin- 
ers in the 1960s in the Boeing 707 and its use 
has increased to 15% in the Boeing 787 (/). 
Metals can be strengthened through con- 
trolled creation of internal defects and bound- 
aries that obstruct dislocation motion (3). 
But such strategies compromise ductility and 
toughness, in contrast to the increasing tough- 
ness at higher strength seen with polymeric 
composites (see the figure). Strengthening 
may also compromise other metal properties, 
such as conductivity and corrosion resistance. 
One method for strengthening metals without 
losing toughness is grain refinement (grain 
size reduction), but when the grain sizes fall 
below ~1 [um, strengthening is usually accom- 
panied by a drop in ductility and toughness 
(4). A recent study points the way to overcom- 
2 this problem: In a low-alloy steel contain- 
ig ultrafine elongated ferrite grains strength- 
ened with nanosized carbides, toughness and 
strength both rose when temperature was low- 
ered from 60° to -60°C (5). In contrast, con- 
ventional metals become strong but brittle at 
lower temperatures. The authors attributed the 
observed toughening to the unique hierarchi- 
cal anisotropic nanostructures in their steels. 
Nanotwinned metals are another exam- 
ple of hierarchical nanostructured metals 


Despite advances made in composite materials, 
metals remain irreplaceable in many important 
applications. 


with extraordinary mechanical properties 
(3). When a high density of twin boundaries 
(highly symmetrical interfaces between two 
grains of the same lattice structure) is incor- 
porated into polycrystalline copper grains, 
with boundary spacing in the nanometer scale, 
the material becomes stronger than coarse- 
grained copper by a factor of 10; it is also 
very ductile. The ultrastrong nanotwinned 
copper has an electrical conductivity com- 
parable to that of high-conductivity copper 
(6) and a much enhanced resistance against 
electromigration (7). It has great potential for 
applications in microelectronics. 

Corrosion is another headache for metals 
(8). To protect metals from corrosion, they 
are commonly coated with a layer of corro- 
sion-resistant material. The Hangzhou Bay 
Bridge in China is an outstanding example of 
this technique. This 36-km-long bridge—the 
world’s longest to date, with a design life of 
100 years—is supported by several thousand 
pillars made of concrete-filled steel tubes ~80 
m in length. The tubes are protected ag: 
corrosion in the harsh ocean environment 
by a coating of novel polymeric composites 
combined with cathode attachments. 

Metal corrosion can also be resisted by 
forming a continuous protective passiva- 
tion layer on the metal surface. For example, 
Yamamoto et al. (9) have added 2.5% Al to 
conventional austenitic stainless steels, result- 
ing in the formation of a protective aluminum 
oxide layer that can resist further oxidation at 
elevated temperatures. Given their enhanced 
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oxidation resistance, these steels could be 
used at the high temperatures and aggres- 
sive oxidizing conditions of energy conver- 
sion systems to replace the currently used 
expensive nickel-based superalloys (metals 
specifically developed for high-temperature 
applications). Another route to enhancing the 
corrosion resistance of metals is to modify 
the chemical composition of surface layers. 
But most such processes require high tem- 
peratures that may cause serious deteriora- 
tion of the metal substrates. The processing 
temperatures can be lowered substantially if 
the grains of surface layers are refined into 
the nanoscale via surface mechanical attri- 
tion treatments (/0). 

Metals also get soft at elevated tem- 
peratures; they can rarely be used above 
1000°C with useful strengths. Superalloys 
have higher operating temperatures (up to 
~1150°C for nickel-based superalloys), 
enabling their use in high-temperature 
applications such as jet turbine engines. 
Superalloys for higher operating tempera- 
tures, based on metals with higher melting 
points such as molybdenum and niobium, 
are under investigation (//). 

Despite these limitations, metals are still 
the major workhorse of our society and will 
remain so in the future, thanks to unique 
properties that make them irreplaceable. 

First, metals have a much higher fracture 
toughness than other materials (see the fig- 
ure); steels are the toughest known materials. 
Therefore, metals are usually used for key 


components with the highest requirements 
for reliability and durability, such as bridge 
cables, concrete reinforcement in buildings, 
and vehicle body frames. The Boeing 787 
contains a considerable amount of metals 
(45%), mainly in critical parts with the high- 
est reliability requirements, such as engines, 
wings, and alighting carriage. 

Second, the properties of metals are uni- 
form in all directions, and their strength is 
the same in tension and compression. Also, 
the strengths of metals are usually predict- 
able. These features are critically impor- 
tant for predicting fracture in engincer- 
ing structures. In contrast, it remains very 
difficult to predict fracture of composites 
and ceramics; their fracture is often cata- 
strophic (the material fails all at once) and 
may cause serious economic loss and even 
loss of life. Hence, many advanced technol- 
ogies continue to rely on high-performance 
metals. For instance, only extremely tough 
metal alloys can survive in the harsh irra- 
diation and temperature conditions in the 
next generation of nuclear power stations. 
Body implants must sustain severe corro- 
sive and loading conditions that also call for 
advanced tough metals. 

Third, most metals are more conductive 
than ceramics and polymers. Copper and alu- 
minum remain the best materials for overhead 
electricity transmission lines. Conducting 
lines and thermal spreaders used in informa- 
tion technology are mostly made from cop- 
per and its alloys. Metals also have unique 


Competing materials. Steels have the 
highest toughness, whereas carbon fibers 
have the highest strengths. Titanium alloys 
and polymer composites are increasingly 
used in aircraft and sporting goods because 
of their outstanding combination of prop- 
erties. Research on advanced materials 
for structural applications aims toward the 
upper right corner, [Data from (2)] 


magnetic properties that are not easily 
reproduced in other materials. 

Fourth, metals have the best over- 
all mechanical properties at tempera- 
tures up toa few hundred degrees. This: 
window covers most of the operation 
temperatures in chemical engineering 
processes, power stations, and various 
engines. Finally, most metals are recy- 
clable, making metals more competi- 
tive for quantity applications. 

Modern technologies not only 
strongly rely on these unique prop- 
erties of metals, but urgently call for 
even better metals. Increasing the 
strength of metals without sacrificing 
other properties is critical for their 
competitiveness. Multiscale hierarchical 
structures provide a possible route to opti- 
mizing overall properties. Metals may also 
be mixed with other materials in a controlled 
way to form composite structures. Assem- 
bling metals with other components in this 
way—for example, in novel reinforcements 
or hierarchical assemblies—may shift their 
strength/toughness ratios toward the upper 
right corner in the figure. Developments in 
different material families may thus benefit 
from each other. 
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Extending Healthy Life Span—From 


Yeast to Humans 


Luigi Fontana,*** Linda Partridge,** Valter D. Longo** 


When the food intake of organisms such as yeast and rodents is reduced (dietary restriction), they 
live longer than organisms fed a normal diet. A similar effect is seen when the activity of nutrient- 
sensing pathways is reduced by mutations or chemical inhibitors. In rodents, both dietary 
restriction and decreased nutrient-sensing pathway activity can lower the incidence of age-related 
loss of function and disease, including tumors and neurodegeneration. Dietary restriction also 
‘increases life span and protects against diabetes, cancer, and cardiovascular disease in rhesus 
monkeys, and in humans it causes changes that protect against these age-related pathologies. 
Tumors and diabetes are also uncommon in humans with mutations in the growth hormone 
receptor, and natural genetic variants in nutrient-sensing pathways are associated with increased 
human life span. Dietary restriction and reduced activity of nutrient-sensing pathways may thus 
slow aging by similar mechanisms, which have been conserved during evolution. We discuss these 
findings and their potential application to prevention of age-related disease and promotion of 
healthy aging in humans, and the challenge of possible negative side effects. 


ging is a complex process of accumulation 
Ate cellular, and organ damage, 

Jeading to loss of function and increased 
vulnerability to disease and death. Despite the 
complexity of aging, recent work has shown that 
dietary and genetic alterations can substantially 
increase healthy life span of laboratory model 
organisms (Fig, 1). 

Many of the mutations that extend life span 
decrease activity of nutrient-signaling pathways, 
such as the Igf (insulin-like growth factor)/insulin 
and the TOR (target of rapamycin) pathways, 
suggesting that they may induce a physiological 
state similar to that resulting from periods of food 
shortage. Indeed, dietary restriction, a reduction 
in food intake without malnutrition, extends life 
span of diverse organisms, including yeast, flies, 
worms, fish, rodents, and rhesus monkeys. The 
level of restriction usually ranges from 10 to 50% 
below the level in mammals fed ad libitum, but 
longevity extension can be achieved by complete 
starvation in yeast and worms. The beneficial 
effects of dietary restriction in mammals are 
obtained by reducing glucose consumption, but 
also by reducing fat or protein intake. Dietary 
restriction also protects against age-related decline 
in function and disease in rodents and monkeys (/), 
and in humans, it reduces risk factors for diabetes, 
cardiovascular disease, and cancer (2). Hence, 
understanding how dietary restriction exerts these 
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effects could reveal targets for drugs and therapies 
for a broad-spectrum prevention of aging-related 
loss of function and disease. 

Here we consider the role of nutrient-sensing 
signaling pathways in mediating the beneficial 
effects of dietary restriction. We focus on processes 


Life-span increase 


2-to 3-fold 


that are evolutionarily conserved in multiple orga- 
nisms and discuss the evidence for their potentially 
protective, and detrimental, effects in humans. 


Signaling Pathways and Dietary Restriction 
Involvement of pathways in dietary restriction is 
usually tested by determining if a genetic mu- 
tation alters the response. Some methods of di- 
etary restriction allow ey 
food intakes. In worms, flies, and mice, life span 
rises to a maximum as food intake is lowered, 
but then declines rapidly through starvation with 
further reduction of food intake (Fig, 2), The de- 
gree of dietary restriction that maximizes life span, 
and the amplitude of the response, can thus be 
determined and used to test for genetic effects (3). 
It is unlikely that a single, linear pathway 
mediates the effects of dietary restriction in any 
organism. Matching of metabolism, growth, and 
fecundity to food intake is crucial for survival 
and reproduction in nature, and parallel and re- 
dundant pathways appear to be involved (Box 
1). Different organisms grow and reproduce at 
different rates and experience different degrees 
of food shortage in nature. The nutrient content 
of food and the way itis sensed are also variable. 
Thus, responses of organisms to dietary restric- 
tion may differ in mechanisms, and extent. When 
developing new or improved model systems to 


Beneficial health effects 


Reduced tumor 
incidence; protection 
against age-dependent 
cognitive decline, cardio~ 
‘myopathy, fatty liver and 
‘enal lesions, Extended 
insulin sensitiv 


Protection against 
cancer, diabetes, 
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neurodegeneration 


Prevention of obesity; 
protection against 
diabetes, cancer, and 
cardiovascular disease 


Prevention of obesity, 
diabetes, hypertension 
Reduced risk factors 
for cancer and 
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Possible reduction 
jin cancer and 
diabetes 


Fig. 1. Experiments on dietary restriction (DR) and genetic or chemical alteration of nutrient-sensing 
pathways have been performed on a range of model organisms. The results differ widely, and little is known 


about the long-term effects in humans. 
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study aging and healthy life span, it will be im- 
portant to combine studies that mimic the various 
environments encountered by the organism in the 
wild with those that simplify the method and 
facilitate molecular studies. 


Studies of Yeast 

The single-celled budding yeast is an excellent 
organism for genetic screens for mechanisms that are 
candidates for the evolutionarily conserved effects of 
dietary restriction on life span in multicellular 
organisms. Both the number of daughter cells 
generated by a single mother cell (replicative life 
span) and survival of a population of 
nondividing cells (chronological life 
span) have been analyzed, 

Nutrient-sensing pathways. Re- 
duced activity of two major nutrient- 
sensing pathways can extend both 
types of yeast life span. 

‘The first is centered on an amino 
acid-sensing pathway, including the 
target of rapamycin (TOR) and the 
serine-threonine kinase Sch9. Dele- 
tion of SCH9, which has sequence 
and functional similarity to the 
ribosomal protein S6 kinase (S6K), 
causes an increase of up to several- 
fold in both chronological (Fig. 3) 
and replicative life span (4, 9), as 
does deletion or inhibition of TORI 
(4-6), probably by inactivating the 
downstream Sch9 (4, 6, 7, 9). Alter- 
ations to protein synthesis are strongly 
implicated in extension of replicative 
life span by reduced TOR/Sch9 and 
may play a key role in chronological 
life span as well (8), Extension of 
chronological life span by reduced activity of the 
TOR pathway depends on the transcription factor 
Gis1, which activates many protective systems 
including Mn-SOD (6, 9). Understanding exactly 
how reduced activity of this pathway and the 
activation of the Gis! transcription factor extend 
yeast life span will be crucial, because similar effects 
are in worms, flies, and mi 

The second pathway includes three proteins: 
Ras, adenylate cyclase (AC), and protein kinase A 
(PKA) (Fig. 3) (9, 10). The activation of two 
transcription factors (Msn2 and Msn4) that control 
cellular protection systems is required to mediate 
the effect of reduced Ras-AC-PKA signaling on 
chronological life-span extension (9) and may also 
mediate the extension of replicative life span (//). 
‘Again, analysis of mechanisms in yeast will 
illuminate the role of this pathway in mice. 

Extension of yeast life span by these path- 
ways requires the antioxidant enzyme Mn-SOD 
(superoxide dismutase), which scavenges the 
superoxide free radical (12). Superoxide level 
increases during yeast aging and is reduced in 
long-lived mutants deficient in Ras-AC-PKA or 
Tor-Sch9 signaling (9). However, overexpres- 
sion of both the antioxidant enzymes SOD1 and 
SOD2 or catalase in yeast results in a minor 


extension of mean survival, indicating that many 
other systems, including DNA-repair genes, are 
important in longs modulation (9, 13 
Nondividing yeast cells deplete glucose and 
produce ethanol and/or acetic acid, which contrib- 
ute to chronological aging (/3, 14). Deletion of 
TORIor SCH9 promotes removal of ethanol and 
acetic acid and accumulation of glycerol in the 
medium (6, /3). Because acetate and ethanol 
can be used as nutrients by yeast, their removal 
may therefore extend chronological life span by 
mechanisms similar to those of dietary restriction 
(6, 13, 14), However, the chronological life span 


Food intake 


Fig. 2. The median life span and fecundity of higher eukaryotes 
are negatively affected by a very low food intake. However, life 
span but not fecundity is optimized by dietary restriction (DR). 
Unlike what is observed in most higher eukaryotes, starvation 
extends the yeast chronological life span. 


of cells deficient in TOR-SCH9 or RAS-AC-PKA 
is also extended in media where acetic acid and 
ethanol are absent (6, /3), indicating that these 
pathways can increase life span independently of 
acetic acid (Fig. 3). These findings may point to 
mechanisms relevant to aging in multicellular 
eukaryotes, in which analogous effects of the 
pro-aging pathways on the utilization and storage 
of carbon sources are observed (Fig. 3) 
Dietary restriction. In budding y 
tion implemented by switching the 
medium containing nutrients to one containing 
water doubles chronological life span (/2, 15). 
More moderate reductions in the concentration of 
glucose in the growth medium from the standard 
2% to 0.5 or 0.05% also extend both replicative 
and chronological life span, apparently by the 
regulation of overlapping pathways and mecha- 
nisms described below (4, /0, 12, 16). 
Decreased signaling by the Ras-AC-PKA and 
Tor-Sch9 pathways is important in the response 
to glucose restriction (Fig. 3), with increased 
transcriptional activity of Msn2 and Msn4, and 
the consequent expression of Pnel [a nicotin- 
amide deaminase that regulates the activity of the 
nicotinamide adenine dinucleotide (NAD) 
dependent deacetylase Sir2] (//, 17). Reduced 


protein synthesis and the breakdown of proteins 
and intracellular organelles are thought to also 
contribute to replicative longevity (17). 
Inhibition of both the Ras-AC-PKA and Tor- 
Sch9 pathways and the activation of the protec- 
tive transcription factors described above are 
implicated in dietary restriction-dependent exten- 
sion of chronological life span (Fig. 3) (/2). It will 
be important to identify additional mediators of the 
effects of dietary restriction on life span (Fig. 3). 


Studies of the Nematode Worm 
Caenorhabditis elegans 

C. elegans was one of the first organisms that 
allowed the identification of mutations that extend 
life span. Unlike the unicellular yeast, it allows 
studies of different cell types and orga 
the nervous or digestive systems. It is 
closely related to mammals. 

Nutrient-sensing pathways. With the onset of 
multicellularity, nutrient-sensing systems evolved 
systemic element that allowed communication at 
a distance between different parts of the body, 
while the exact nature of the response could also 
vary among the cells of different tissues, The 
worm C. elegans is a relatively simple multi- 
cellular organism in which to unravel these effects. 

Reduced activity of the ITS (insulin/Igf-like 
signaling) pathway extends life span in C. elegans 
and other multicellular organisms (/8), This life- 
span increase requires the Forkhead FoxO tran- 
scription factor daj-/6 (Fig. 3), which regulates 
genes involved in a wide range of defensive ac- 
tivities including cellular stress response, antimi- 
crobial activity, and detoxification of xenobiotics 
and free radicals. As in yeast, overexpression of the 
antioxidant SOD-1 causes only a minor extension 
in life span (19). Extension of life span by reducing 
the activity of the HS pathway also requires the 
heat shock factor hs/-/, which can itself extend life 
span and regulates expression of small heat shock 
proteins (/8), Reduction of IIS only in specific 
tissues has revealed that the nervous system and the 
gut, which includes the white adipose tissue (fat) of 
the worm, are important. Regulation of insulin 
ligands by DAF-16 acts systemically to coordinate 
the rate of aging in the whole worm (/8). 

The TOR pathway interacts intimately with IIS, 
and inhibition of its acti ncluding reduction of 
TOR and S6 kinase, as in yeast, can increase life 
span in C. elegans (Fig. 3) (/8, 20, 21), Autophagy, 
1 process inhibited by TOR that involves digestion 
of cellular components, is required for the increase 
in survival (2/), and altered activity of several other 
targets of the TOR pathway, such as translation (22) 
and the activity of the HIF-1 (hypoxia-inducible 
factor 1) transcription factor (23, 24), can indepen- 
dently extend life: span. 

Dietary restriction. Multiple methods of die- 
tary restriction are used in C. elegans, including 
mutations that reduce pharyngeal pumping, 
removal of the bacterial food source, dilution of 
live or dead bacteria in solid or liquid cultures, 
peptone dilution, and axenic culture (25), and these 
extend life span by both distinct and overlapping 
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mechanisms (25, 26). Chemosensation may be im- 
portant in the response to dietary restriction, 
because diffusible substances from bacteria that 
are sensed by the worm can reduce life span with- 
‘out any change in food intake (27). As in rodents, at 
least one method of dietary restriction, requiring 
heat shock factor—1, can protect against age-related 
proteotoxicity (28). 

The key TIS effector DAF-16 is required for 
the response only to some methods of dietary 
restriction, and for these methods, the adenosine 
S’-monophosphate (AMP)-activated protein ki- 
nase (AMPK) is also required (Fig, 3) (26). Test 
ing of the role of TOR has yielded inconsistent 
results (25). However, targets of the TOR path- 
way, such as autophagy and HIF-1, clearly contrib 
ute to dietary restriction responses (25). 

‘Two other transcription factors, Pha-4 and 
SKN-1, are required for the response to some 
methods of dietary restriction in C. elegans (Fig. 3) 
(25). Pha-4 is the single worm ortholog of the 
mammalian FOXA family of forkhead transcription 
factors, which play key roles in metabolic ho- 
meostasis. SKN-1 is the worm ortholog of the mam- 
malian Nfe2I1 and Nfe2I2 transcription factors, 
which induce the phase IT detoxification pathway, 
as does SKN-I in C. elegans. Increased activity 
of SKN-I can increase worm life span (29). 

Although TIS and TOR play a clear role in aging 
in C. elegans, the types of age-related damage 
ameliorated and the molecular mechanisms by 
which they are reduced are unknown, as is the 
extent to which these or other pathways mediate the 
responses to different forms of dietary restriction. 


Studies of the Fruit Fly Drosophila 

The fly is important for establishing evolutionary 
conservation of mechanisms; for studying events 
in different tissues, which are more numerous. 
and differentiated than in C. elegans; and for 
examining sex differences, 

Nutrient-sensing pathways. Reduced TIS can 
extend life span in Drosophila, establishing. its 
evolutionarily conserved role (Fig. 3) (22). It is not 
yet known whether, as in C. elegans, the fly FOXO 
is required for extension of life span (Fig. 3). 


Box 1, Nutrient-sensing pathways and aging. 


Changes in gene expression in long-lived IIS 
mutants of the wom, fly, and mouse have impli- 
cated phase | and 2 detoxification as evolution- 
arily conserved targets of IIS (22, 30). Long-lived 
TIS mutants in all three organisms are resistant to 
xenobiotics, and up-regulation of transcription 
factors that regulate xenobiotic metabolism can 
extend life span in worms and flies (22, 29, 30). 

The Drosophila genome contains seven 
genes encoding Drosophila insulin-like peptides 
(dilps), and genetic deletion of three of them 
made in neuroendocrine cells in the brain extends. 
life span (3/), Stress signaling and ablation of the 
germ line reduce expression of one or more dilps 
in the neuroendocrine cells and also extend fly 
life span (32). Identification of the tissues me- 
diating the response to reduced IIS activity, by 
overexpression of the FOXO transcription factor, 
which is negatively regulated by IIS, has im- 
plicated tissues similar to those in C. elegans, 
namely, the fat body (equivalent of mammalian 
white adipose tissue and liver) and/or gut. 

Down-regulation of TOR pathway activity 
genetically (33) or by rapamycin (34) (Fig. 3) ex- 
tends life span in Drosophila, as it does in yeast 
and C. elegans. Extension of life span by rapamycin 
requires autophagy, reduced S6K activity, and 
eukaryotic initiation factor 4E binding protein 
(4E-BP) and is associated with reduced protein 
tumover (34), similar to what is seen in C. elegans. 

Dietary restriction. Dietary restriction in 
Drosophila is commonly implemented by dilu- 
tion of the food (35, 36), for which the flies do 
not compensate by increased food intake (37). 
Per calorie, reduction of amino acid consumption 
extends life span substantially more than does 
reduction of sugar intake, with essential amino 
acids mediating most of the response (38). 
Volatiles from live microorganisms alone can 
shorten life span, similar to findings in worms, 
and olfactory mutants can be long-lived (39). 

As in C. elegans, deletion of Drosophila 
FOXO (dFOXO) shortens life span, but the flies 
continue to respond to dietary restriction (40, 4/). 
However, reduced activity of both IIS and TOR 
can protect against shortening of life span by 


Nutrient-sensing pathways are fundamental to the aging process. Different nutrients can activate 
different pathways directly or indirectly. For example, in yeast, glucose activates the Ras-AC-PKA 
pathway, but in mice nutrients increase the level of IGF-1, which, in turn, activates pro-aging pathways 
in various mammalian cells (Fig. 3). Dietary restriction partially inactivates one or several nutrient- 
signaling pathways, thereby causing life-span extension in model organisms. In yeast and worms, this 
effect on longevity requires one or more transcription factors (proteins that regulate the expression of 
many genes involved, for example, in cellular protection, metabolic pathways, and processing of 
damaged proteins). In mice, dietary restriction or the inhibition of nutrient signaling can also reduce 
various age-related diseases, including cancer. These effects on diseases are believed to be a result of 
delaying the aging process in the various cells associated with the disease. The reason why these 
pathways are inactivated or partially inactivated by reduced nutrients is apparently simple: During 
periods of food scarcity, cells and organisms must be able to enter a standby mode in which cell division 
and reproduction are halted or minimized to allow energy to be available to maintenance systems. The 
conserved composition and function of anti-aging pathways in the different organisms indicate that 
most species have developed anti-aging systems to overcome periods of starvation. 
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increased food intake (33, 34) (Fig. 3). The 
response to dietary restriction may be mediated 
by insulin-like peptides, and transcript levels of 
dilpS respond to nutrition (4/). Thus, reduced TIS 
plays a role in extension of life span by dietary 
restriction, but loss of FOXO can be compen- 
sated by other pathways such as the TOR pathway 
(Fig. 3). Reduced TIS and dietary restriction act 
acutely in Drosophila to increase survival (25, 40), 
and it will be important to determine if this also 
occurs in mammals, because it would imply that 
drugs to improve health during aging should be 
taken over long periods of time, Life span is in 
general extended more in females than in males, 
for reasons that are not yet understood. 


Studies of Rodents 


Invertebrate model organisms have acted as 
engines of discovery for genes and mechanisms 
involved in extension of life span, but the mouse 
is the most practical mammal for establishing if 
homologous genes and processes can extend 
healthy life span, and hence lead to human 
cl I trials. 

Nutrient-sensing pathways. As in yeast, 
worms, and flies, reduced activity of nutrient- 
sensing pathways can increase mouse life span. 
Mutations in growth hormone (GH) and TIS genes. 
can substantially increase life span in mice (42) 
(Fig. 3), although precisely how is as yet poorly 
understood. GH-deficient mice show increased 
expression of antioxidant enzymes and increased 
stress resistance in muscle cells and fibroblasts, 
whereas GH administration decreases antioxidant 
defenses in the liver, kidney, muscle, and heart (43). 
‘As observed in yeast, disruption of type 5 adenylyl 
cyclase (ACS), which is predominantly expressed 
in the heart and brain, also increases stress 
resistance and longevity in mice, although GH has 
not been linked to AC (Fig, 3) (44). However, there 
is little experimental evidence for a conserved role 
of specific reduction in oxidative stress alone in life- 
span extension. As in yeast, worms, and flies, inhi- 
bition of the mTOR pathway, cither with rapamycin 
(45) or deletion of ribosomal S6 protein kinase 
1 (S6K1), increases mouse life span, the latter also 
reducing incidence of age-related pathologies, 
including bone, immune, and motor dysfunction 
and insulin resistance (46), Nutrient-sensing path- 
ways may extend life span in mammals through 
transcription factors orthologous to those described 
in lower eukaryotes (Fig. 3), but data are at 
present lacking. Systems other than antioxidant 
enzymes downstream of these transcription factors 
including heat shock proteins, endoplasmic reticu- 
lum (ER) stress and autophagy proteins, apoptosis 
enzymes, xenobiotic metabolism, and others may 
have key functions as mediators of’ life-span 
extension (47). 

Remarkably, the up to 50% life-span extension 
in mice that lack the GH receptor-binding protein 
(GHR-BP) is associated with lower morbidity and 
disease-related mortality, with ~47% of long-lived 
mice dying without obvious lethal pathological 
lesions and only about 10% of their wild-type 
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siblings doing so, similar to findings in GH- insulin  sensit 
deficient mice (42, 48). GHR-BP knockout and 
Gl¥-deficient mice display lower incidence and 


delayed occurrence of fatal neoplasms, increased 
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, and a reduction in age- 
dependent cognitive impairment (42). The reduc- 
tion in neoplastic diseases may be explained in part 
by lower somatic mutation frequency in the liver, 


kidney, and intestine of GH-deficient dwarf mice 
(49). 

Some of the effects of dietary restriction can 
potentially be obtained pharmacologically and in- 
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Protective and metabolic activities that increase life span 


Glycogen accumulation (except flies and mammals), glycerol accumulation (only yeast), fat accumulation (except yeast), 
antioxidant enzyme SOD, catalase (except flies), HSPs (except mammals), autophagy, translation, ER stress, other ? 
2 


Fig. 3. A model for the conserved nutrient signaling pathways that regulate 
longevity in various organisms and mammals. Dietary restriction reduces the 
activity of various signal transduction pathways either directly (yeast) or indirectly 
through the reduced levels of growth factors such as IGF-1 (worms, flies, 
mammals). The role of TOR and S6K in promoting aging appears to be conserved 
‘in yeast, worms, flies, and mice. By contrast, the AC-PKA pathways and the TOR- 
S6K pathway promote aging in yeast and mammals, whereas an insulinGF-1— 
like receptor or the upstream growth hormone (mammals) accelerates aging in 
worms, flies, and mice. Similar transcription factors (GIS1, MSN2/4, DAF-16, 
FOXO) inactivated by either the AC/PKA, IGF-1/AKT, or TOR/S6K pathways affect 
cellular protection and/or aging in all the major model organisms. Notably, in the 
multicellular worms, flies, and mice, these genes may promote aging within the 
cells in which they are expressed but also in other cells through the regulation of 
circulating factors. The mechanisms proposed for the longevity extension caused 
by inhibition of these nutrient signaling pathways include a decrease in the free 


radical superoxide (mediated in part by SODs) and of its damage to 
macromolecules, protection of proteins by chaperones (Hsp70), decreased 
translation, the activation of autophagy, and the switch to hypoxia-associated 
gene expression patterns (in yeast and mice). In yeast, the effects of DR on life- 
span extension are also associated with reduced activities of the Tor-Sch9 and 
Ras-AC-PKA pathways and require the serine-threonine kinase Rim15 and 
transcription factors Gis1, Msn2, and Msn4. In worms, transcription factors 
regulated by the TOR-S6K and AGE-1-AKT pathways are implicated in the anti- 
aging effects of DR and, in flies, reduced activity of both Ins/IGF-1 and TOR can 
protect against shortening of life span by increased food intake, although in both 
worms and flies deletion of DAF-2/FOXO shortens life span, but the animal 
continues to respond to DR. In mice the longevity effects of DR appear 
to involve reduced activity of the GHR/IGF-1 pathways because DR does not 
extend further the life span of GHR-deficient mice (69). An enhanced version 
of Fig. 3 is at www.sciencemag.org/cgi/content/full/328/5976/321. 
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dependently of the inhibition of GHAGF-1 (insulin- 
like growth factor 1). For example, treatment of 
mice on a high-fat diet with resveratrol, a natural 
compound found in grapes that mimics some of 
the effects of dietary restriction, results in reduced 
mortality or protection against morbidity, possibly 
by activating a set of genes affected by dietary 
restriction, but resveratrol did not increase sur- 
vival of mice or flies fed a standard diet (50, 51). 

isruption of PKA, downstream of adenylyl cy- 

Iso causes life-span extension in mice, as 


duction in ae doped tumors and insulin re- 
). It will be important to determine 
oxide and error-prone polymeras 
implicated in the Tor-Sch9- and age-dependent 
DNA damage/mutations in yeast, are mediators 
of the GH-IGE-1-dependent genomic instability 
and cancer in mammal: 

Dietary restriction. Dietary restriction increases 
rodent life span by up to 60%, in part by delaying 
the occurrence of many chronic dis (). As 
in GH-IGF-1 axis mutant mice, ~30% of animals 
on dietary restriction die without evidence of se- 
vere organ pathology, whereas only 6% of con- 
trols do so (53). Attenuated IIS may mediate 
some of the anti-aging effects of dietary restric- 
tion in mice (Fig. 3). In particular, the reduction 
of IGF-1 signaling could be responsible for the 
reduced incidence of spontaneous mutations and 
tumors in the kidney and small intestine of GH- 
deficient and dietary-restricted mice (49). Part of 
this protection appears to be mediated by a tran- 
scription factor (Nrf2) (54), the C. elegans and 
Drosophila orthologs of which increase life span 
when overexpressed. 

Dietary restriction in mice greatly increases 
insulin sensitivity and attenuates B-amyloid 
deposition in a model for Alzheimer’s disease 
(55), in agreement with the effect of reduced IIS 
signaling in protection against B-amyloid toxicity 
in mice (56) (Fig. 3). Severe dietary restriction or 
starvation may also be applicable to disease 
treatment in certain contexts. For example, fasting 
protects mice against high-dose chemotherapy, 
in part by reducing serum IGF-I signaling, but 
does not protect cancer cells, in which the consti- 
tutive activity of pro-aging petiws (oncogenes) 
blocks the activi sistance in re- 
sponse to nutrient deprivation (5 57). 

However, dietary restriction can also impair 
function such as immunity and wound healing. For 
example, the healing of skin wounds is reduced in 
long-term dictary-restricted mice and is greatly 
accelerated by a short period of ad lib feeding 
before the wound is inflicted (58), Also, dietary- 
restricted mice are more susceptible to infections 
by bacteria, virus, and worms, even though dietary 
restriction can delay the age-dependent decline in 
certain immune functions (59), 


Studies of Primates 

Findings from model organisms have begun to be 
tested in monkeys and also in human volunteers, 
including subjects with mutations analogous to 
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those that extend the healthy life span of lab- 
oratory animals. 

Nutrient-sensing pathways. Some individuals 
have naturally occurring deficiencies in the GH. 
IGF-I axis (Fig. 4A). In GH receptor-deficient 
individuals, diabetes or cancer is uncommon, yet 
these individuals do not appear to have an 
advantage in reaching very old ages (60) (Fig. 
4A), possibly because of developmental defects 
and the increased mortality at younger ages (6/). 
In subjects with GH receptor and IGF-I deficien- 
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in cancer and also in diabetes, cardiovascular, 
and neurodegenerative diseases. If the multiple 
beneficial effects of reduced signaling observed 
in mice are confirmed in humans, drugs that 
block these pathways could be considered for 
prevention of specific di: 

Dietary restriction. Recently, a 20-year 30% 
dietary restriction applied to adult rh mon- 
keys was shown to reduce age-related deaths (66). 
The incidence of neoplasia and cardiovascular 
disease was 50% lower than in the controls (66), 


Fig. 4. (A) Individual with normal levels of GH receptor (right) and a GH receptor—deficient subject in 
the mountains of southern Ecuador (left). (B) Composite photograph of a dietary restriction practitioner 
before starting dietary restriction with adequate nutrition [left: weight 180 lb, or 81.6 kg; body mass 
index (BMI) 26.0 kg/m?) and after 7 years of dietary restriction (right: weight 134 lb, or 60.8 kg; BMI 


19.4 kg/m”). 


cies, cancer was absent whereas 9 to 24% of the 
relatives developed malignancies (60), although 
this report is inconclusive because the mean age 
of the IGF-1--deficient subjects was much lower 
than that of controls. Although GH and/or IGF- 
I deficiency promotes obesity and hyperlipide- 
mia, whereas treatment with GH has a beneficial 
effect on both traits, replenishment of GH in- 
creases intima media thickness and the number 
of atherosclerotic plaques. The dyslipidemia and 
obesity from GH-IGF-1 axis deficiency may there- 
fore not exacerbate vascular aging (62). 

An overrepresentation of heterozygotes for 
mutations in the IGF-I receptor gene was found 
among Ashkenazi Jewish centenarians as com- 
pared to controls (63), whereas subjects with a 
genotype associated with reduced concentration 
of free IGF-I in plasma were overrepresented 
among long-lived people (64), indicating that spe- 
cific polymorphisms that down-regulate the GH 
and IGF-I signaling may promote human longev- 
ity. Furthermore, genetic variants of FOXO tran- 
scription factors, orthologs of the key IIS effector 
daf-16 in C. elegans, have repeatedly been shown 
to associate with human life span (65). 

Further studies of GH/IIS mutants in humans 
are needed to establish the role of these pathways 


and 16 of the initial 38 controls but none of the 
dietary-restricted monkeys developed diabetes or 
prediabetes. Many metabolic, hormonal, and struc- 
tural adaptations in dietary-restricted rodents, 
including a major reduction in body fat mass, 
higher insulin sensitivity, and reduced inflamma- 
tion and oxidative damage, were also observed in 
dietary-restricted monkeys (/). In addition, im- 
mune senescence, sarcopenia, and brain atrophy of 
the gray matter wer ted (/, 66). Possible 
downsides of dietary restriction, such as reduced 
resistance to infection or attenuated wound healing, 
have not been investigated. 

Tn humans, dietary restriction provides major 
and sustained beneficial effects against obesity, 
insulin resistance, inflammation, oxidative stress, 
and left ventricular diastolic dysfunction, in agree- 
ment with the metabolic and functional changes 
observed in dietary-restricted rodents (Fig. 4B) (2). 
Moreover, dietary restriction in humans induces 
some of the hormonal adaptations observed in 
dictary-restricted rodents (¢.g., increased adiponec- 
tin and reduction in triiodothyronine, testosterone, 
and insulin) and reduced cholesterol, C-reactive 
protein, blood pressure, and intima-media thickness 
of the carotid arteries, all risk factors for 
cardiovascular disease (2, 67), 
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However, there are major differences in effects 
of dietary restriction between rodents and humans. 
Dietary restriction decreases serum IGF-I concen- 
tration by ~30 to 40% in rodents but does not 
reduce IGF-I levels in humans, unless protein 
intake is also reduced (68) (Fig, 4B), raising the 
possibility that protein restriction alone may 
provide some benefits, as in Drosophila (38). 


Outlook 


Extreme dietary restriction can lead to several 
detrimental health effects such as amenorthea, 
infertility, sarcopenia, osteoporosis, and immune 
deficiencies. Thus, it will be important to examine 
these negative side-effects in dietary-restricted 
subjects that are not malnourished. Indee 
experimental studies are required to evaluate the 
optimal calorie intake and macro- and micro- 
nutrient composition needed for healthy aging in 
humans, on the basis of age, sex, genotype, and 
energy expenditure. 

Although adjustment of dietary intake and 
composition may be realistic and beneficial, the 
severe dietary restriction that induces major health 
benefits is not a desirable option for most people. 
Drugs that target nutrient-sensing pathways to 
obtain the health benefits of dietary restriction are 
realistic, but the effects of chronic administration 
require study, For instance, rapamycin, the TOR 
inhibitor that extends mouse life span (45), is 
an immunosuppressant and may not produce an 
overall health benefit in humans living in an 
environment with pathogens. However, genetic 
deletion of the GH receptor or of the downstream 
S6 kinase in mice extends life span and induces a 


Box 2. Some questions for future research. 


broad-spectrum improvement in health (42, 46, 48). 
More testing of potential disadvantages is re- 
quired and many open questions remain (Box 2), 
but these seem promising drug targets and are 
hopefully the first of many. 
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Caspase-Dependent Conversion 
of Dicer Ribonuclease into a 
Death-Promoting Deoxyribonuclease 


Akihisa Nakagawa,”* Yong Shi,** Eriko Kage-Nakadai,* Shohei Mitani,? Ding Xue*t 


Chromosome fragmentation is a hallmark of apoptosis, conserved in diverse organisms. In mammals, 
caspases activate apoptotic chromosome fragmentation by cleaving and inactivating an apoptotic 
nuclease inhibitor, We report that inactivation of the Caenorhabditis elegans dcr-1 gene, which encodes 
the Dicer ribonuclease important for processing of small RNAs, compromises apoptosis and blocks 
apoptotic chromosome fragmentation. DCR-1 was cleaved by the CED-3 caspase to generate a C-terminal 
fragment with deoxyribonuclease activity, which produced 3' hydroxyl DNA breaks on chromosomes. 
and promoted apoptosis. Thus, caspase-mediated activation of apoptotic DNA degradation is conserved. 
DCR-1 functions in fragmenting chromosomal DNA during apoptosis, in addition to processing of 

small RNAs, and undergoes a protease-mediated conversion from a ribonuclease to a deoxyribonuclease. 


ne of the hallmarks of apoptosis is frag- 
On of chromosomal DNA at inter- 

nucleosomal regions, which generates 
DNA fiagments differing by ~180 base pairs and 
contributes to the irreversible cell killing process 
(/, 2). Multiple deoxyribonucleases (DNases) have 
been implicated in mediating apoptotic DNA frag- 
mentation, including 40-kD DNA fragmentation 
factor (DFF40), also known as caspase-activated 
deoxyribonuclease (CAD); endonuclease G (endoG), 
deoxyribonuclease IT (DNase II); and several other 
nucleases (3, 4), DFF40 is a component ofa DNA 
fragmentation factor complex, which also contains 
an inhibitory subunit, DFF45 (also known as 
ICAD, inhibitor of CAD) (5-8). DFF45 serves 
both as a chaperone for the proper folding of 
DFF40 and as a cognate inhibitor that holds 
DFF40 activity in check in normal cells. During 
apoptosis, the cleavage of DFF4S by activated 
caspases, such as caspase-3 and caspase-7, results 
in the release and activation of DFF40 (5-8). The 
activated DFF40 nuclease then associates with 
chromosomal proteins, such as histone H1, HMG_ 
(high-mobility group) proteins, and topoisomerase 
Tl, to promote cleavage of internucleosomal DNA, 
generating 3’ hydroxyl DNA breaks that can be 
detected by the TUNEL [terminal deoxynucleotidyl 
transferase (TdT)-mediated deoxyuridine triphos- 
phate (UTP) nick end labeling] assay (6, 9, 10). 
In mice deficient in either DFF40 or DFF4S, 
which is needed for proper folding of DFF40, 
chromosome fragmentation fails to occur during 
apoptosis (//, /2). 


‘Department of Molecular, Cellular, and Developmental 
Biology, University of Colorado, Boulder, CO 80309, USA. 
*Department of Physiology, Takyo Women’s Medical Uni- 
versity, School of Medicine, and Core Research for Evolu- 
tional Science and Technology (CREST), Japan Science and 
Technology Agency, Tokyo 162-8666, Japan. 

“These authors contributed equally to this work. 

To whom correspondence should be addressed. E-mail: 
ding.xue@colorado.edu 


www.sciencemag.org SCIENCE VOL 328 


A mitochondrial nuclease, endoG, mediates 
residual apoptotic DNA fragmentation observed 
in DFF45-deficient cells (/3). EndoG is released 
from mitochondria during apoptosis and trans- 
locates into the nucleus to facilitate chromosome 
fragmentation (/3). EndoG is a member of a 
conserved family of endonucleases, including the 
Caenorhabditis elegans CPS-6 (CED-3 protease 
suppressor) nuclease (/4, 15). In C. elegans ani- 
mals deficient in eps-6, TUNEL-stained nuclei 
accumulate in mutant embryos, and develop- 
mental cell death is delayed or even inhibited in 
sensitized genetic backgrounds, such as animals 
partially deficient for the CED-3 caspase (/4), 
which suggests that CPS-6 is important for apo- 
ptotic DNA degradation and the progression of 
apoptosis. In addition to cps-6, seven cell death— 
related nucleases (named CRN nucleases) have 
been identified in a candidate-based RNA inter- 
ference (RNAi) screen in C. elegans (16). RNAi- 
mediated depletion of six of these crn nuclease 
genes (crn-I to crn-5 and cyp-13) results in 
similar cell death defects, including accumula- 
tion of TUNEL-stained nuclei in RNAi-treated 
embryos and inhibition of apoptosis in sensitized 
genetic backgrounds (/6). Biochemical analysis 
reveals that some of these CRN nucleases interact 
with CPS-6 and with one another to promote 
step-wise DNA degradation, by first tuming the 
3’ OH DNA nicks into small gaps through their 
exonuclease activities and then creating double- 
stranded DNA (dsDNA) breaks via a gap- 
dependent endonuclease activity (/6, 17). Two 
C. elegans DNase II homologs, NUC-1 and 
CRN-6, function in a later stage to complete deg- 
radation of chromosomal DNA (/6, /8), as loss 
of either gene or both also results in accumulation 
of TUNEL-stained nuclei but does not affect the 
activation or the kinetics of apoptosis (/4, /8). In 
all instances, loss of any one or a combination of 
the nine C. elegans apoptotic nucleases results in 
accumulation of TUNEL-stained nuclei, which 


indicates that these nucleases function in resolv- 
ing 3’ OH DNA breaks generated during apo- 
ptosis and that at Ieast one additional C. elegans 
nuclease—presumably, a functional analog of 
DFF40—is activated during apoptosis to generate 
3’ OH DNA breaks. Because no candidate DFF40 
or DFF45 homolog is predicted to be encoded by 
the C. elegans genome (4), it remains enigmatic 
how apoptotic DNA degradation is initiated in C. 
elegans, We report that this role is played by the 
C. elegans Dicer ribonuclease. 

Dicer is a highly conserved ribonuclease that 
plays a central role in processing double-stranded 
RNA (dsRNA) to generate small RNAs impor- 
tant for various gene-silencing events (79-26). It 
is an RNase II enzyme that processes precursor 
dsRNA into small duplex RNA species of about 
21 to 25 nucleotides, with 5’ phosphate and 3’ 
hydroxy! termini (22, 27-30). These small RNAs 
are then unwound and incorporated into various 
silencing complexes, such as the RNA-induced 
silencing complex (RISC), that direct sequence- 
specific cleavage or translational repression of com- 
plementary mRNA (24-26, 3/-34). Multiple 
proteins have been identified to serve as Dicer co- 
factors or interactors to mediate various gene si- 
lencing events, including proteins in the Argonaute 
family that contain PAZ (Piwi, Argo, and Zwille) 
and PIWI domains (32-34); RDE-1 (RNAi de- 
fective, also an Argonaute protein); RDE-4 and 
its fly homolog R2D2; DRH-1 and DRH-2 (Dicer- 
related helicases) (31, 35, 36); ERI-1 (enhanced 
RNAi); and RRF-3 (RNA-dependent RNA poly- 
merase family) (26, 37, 38). Dicer enzymes typ- 
ically contain a DExH-box helicase domain (39), 
a PAZ domain, two tandem RNase TT domains 
(RNase Illa and IIIb), and a dsRNA binding do- 
main (40, 4/). The intramolecular dimerization 
of the two RNase III domains of Dicer generates 
the dicing activity (29), and the distance between 
the PAZ and RNase IIT domains determines the 
length of small RNA fragments processed (42). 
Dicer is important for multiple cellular processes, 
including viral defense, chromatin remodeling, ge- 
nome rearrangement, developmental timing, and 
stem cell maintenance (2/, 23, 43-48). These cel- 
lular functions likely are attributed to the generation 
of small interfering RNAs (siRNAs), microRNAs 
(miRNAs), and other small RNAs (34, 4/). We 
uncovered a previously uncharacterized role of 
C. elegans Dicer (DCR-1) in activating the apoptotic 
DNA degradation process that is dependent on 
generation of a new DNase activity through cleav- 
age by the cell death protease CED-3 and that is 
independent of Dicer’s actions in gene silencing in 
C elegans. 

dcr-1 is required for initiating apoptotic 
DNA degradation in C. elegans. To identify 
nucleases that function in apoptotic DNA degra- 
dation in C. elegans and, in particular, nucleases 
that generate 3’ hydroxyl DNA breaks during 
apoptosis, we performed RNAi on cps-6(sm116) 
mutant animals, which contain an average of 16 
TUNEL-stained cells in early-stage embryos 
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(Fig. 1, A and B), and looked for RNAi knock- 
down of nucleases that reduced the number of 
TUNEL-stained cells in cps-6(sm1/16) embryos 
(16, 17, 49). We found that der-7 RNAi reduced 
the number of TUNEL signals in cps-6(sm 116) 
embryos (Fig. 1A). Given that der-/ RNAi also 
reduces the efficiency of RNA interference, we 
examined whether two deletion mutations in 
der-1 (0k247 and pk1351) caused a stronger re- 


duction in TUNEL staining in the cps-6(sm116) 
mutant. Because der-/ loss-of-function (//) mu- 
tants are sterile, a balancer, h72(q/s48), was used 
to maintain the der-/(If) heterozygous strain. 
gis48 is a transgene integrated into the hT2 chro- 
mosome and carries a P,,,,,.2¢fp reporter that 
directs strong green fluorescent protein (GFP) 
expression in the pharynx in most developmental 
stages. der-I(If) homozygous embryos derived 


from the der-I(If/hT2 mother can thus be iden- 
tified as embryos that do not express GFP. We 
performed TUNEL and anti-GFP double staining 
to score the number of TUNEL-stained cells in 
der-I(jf) embryos (49). Although der-1(ok247) 
and der-1(pk1351) homozygous embryos had com- 
parable numbers of TUNEL stained cells to those 
seen in der-I(ok247)/MT2 and der-I(pk1351)/MT2 
heterozygous embryos or wild-type N2 embryos 


328 


A B c 
1 cps-6(am116) Pt 
wild-type 20 wild-type 
ad | bed werqeran) 1 | meps-6(em116) 
1 contro! RNAI fm der-1(ok247ynT2 “ : 
1D der-1(RNAI) 16 © eps-6; der-1(0k247) 
3 15 3 15 oar. 3 1 cps-6; der-1(pk1351) 
> S @ der 1(pkt361nT2 zg s : » 
10 
i 10 i ie 3 
x] 
. 5 5 
4% gs F 
o ° 
eps-6(sm116) 
D 
(@ der-1(ok247) 
x0 8 crm-2amtt77) 
25 ml 1B der-1(0k247); crn-2(tm 1177) 
2 ‘® cps-tiam24) * 
8 20 @ cps-1(9m24); orn-2(tm1177) = on ] = wild-type 
£ 1 muc-1(01392) 3 « ® cps-6(sm116) 
- se der-1(ok247): nve-tie1992) © ¢ps-6(sm116); der-1(0k247) 
10 Z 10  cps-6 smis182; der-1 
3 e 7 © cps-6; der-1; smis196 
ae © cps-6; dcr-1; smis201 
2 
0 o 
E G 
1 cps-6(sm116); der-1(0k247) 10 ering i 
2 i cps-6 smis182; der-t = eaaue mente 
q BB Cp8-6; dort; OXIP gy. OCR-1(E1E2)41 3 8 = ae rd begs eH oni 
= 15 8 Cp8-6; der-1; OXIP gor. ,OCR-WETEZ)2 Se pe Prt ‘iden 
1 CpS-6; der-1; OX{P gop. OCR-METDIEZ)}F1 Z me 
Z 10 © $p8-6; der-1; ex{P ger. sOCR-MEIDIEZ)#2 Fy 4 
Bs % 2 
$s Fe 
0 0 


Fig. 1. Role of DCR-1 in creating TUNEL-reactive DNA breaks in apoptotic cells. 
(A to G) TUNEL staining was monitored in the indicated strains (49). In most 
cases, GFP-specific immunostaining and TUNEL staining were done to quantify 
the number of TUNEL-stained cells in dcr-1(l) homozygous embryos (49), which 
were identified as embryos lacking GFP derived from der-1(p/hT2(qls48) 
mothers. In animals carrying P,u,-ssur-5::gfp as a transgenic marker (E and F), 
dcr-1(i) homozygous transgenic embryos were identified as embryos with 
nuclear GFP expression in many cells but lacking pharyngeal GFP expression 
(qls48). RNAi experiments were done as described (24). All cps-6(sm116) 


strains also contain dpy-5(e61). smls182 is an integrated transgene carrying 
Pucr-gDCR-1. smls196 is an integrated transgene carrying P4-zDCR-1(D1742E). 
smls201 is an integrated transgene carrying Py.-.;tDCR-1. Each numbered 
array represents an independent transgenic line (F and G). The y axis rep- 
resents average number of TUNEL-stained cells scored, and error bars rep- 
resent SEM. For each strain, 15 comma-stage embryos were scored. The 
significance of differences between different strains was determined by 
unpaired f test (A) or one-way analysis of variance (ANOVA), followed by 
Tukey's test (B) to (G). *P < 0.001; **P < 0.05. 
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(Fig. 1B), both der-/(0k247) and der-1(pk1351) de- 
letion mutations reduced the number of TUNEL. 
signals in cps-6(sm116) embryos to that seen in 
wild-type embryos (Fig. IC). These findings 
suggested that der-/ does function in generating 
TUNEL-teactive DNA breaks that fail to be resolved 
in cps-6(sm116) embryos. Similarly, der-/(ok247) 
significantly reduced the number of TUNEL sig- 
nals in ern-2(tm1177) embryos, which are defective 
in another apoptotic nuclease CRN-2 (Fig. 1D) 
(16). der-1(ok247) also reduced the number of 
TUNEL-stained cells in nue-/(e/392) embryos 
(Fig. 1D), Taken together, these results indicate 
that DCR-1 functions in creating TUNEL-reactive 
DNA breaks in apoptotic cells that are later re- 
solved by other apoptotic nucleases, such as CPS-6, 
CRN-2, and NUC-1, and that der-/ likely acts 
upstream of eps-6, ern-2, and nuc-I to promote 
apoptotic DNA degradation. 

dcr-1 promotes apoptosis. We next inves- 
tigated whether der- affects programmed cell 
death in C, elegans. We examined the appearance 
of apoptotic cell corpses in developing embryos, 
which is a sensitive assay for detecting weak cell- 
death defects (/4, 16, 50). We observed signifi- 
cantly fewer cell corpses in both der-I(ok247) 
and der-I(pk1351) mutants at most embryonic 
stages than in wild-type embryos (Fig. 2A). 
Thus, der-1 appears to be a proapoptotic factor. 
The cell-death defect displayed by the der-1(I)) 
mutants is stronger than that observed in the cps- 
6(sm116) mutant or animals deficient in most crn 
genes, in which cell death in developing embryos 
is delayed rather than reduced (14, 16). More- 
over, both der-1(ok247) and der-I(pk1351) mu- 
tations reduced the number of persistent cell 
corpses in ced-/(e1735) embryos, in which en- 
gulfment of cell corpses is blocked (Fig. 2B) 
(51), which confirmed that loss of der-/ reduces. 
the number of embryonic cells undergoing cell 
death. 

To investigate whether a general reduction in 
embryonic cell death may indirectly affect apo- 
ptotic DNA degradation, we performed the TUNEL 
assay on the eps-/(sm24) mutant, a CED-3 pro- 


tease suppressor mutant that exhibits a cell-death 
defect similar to that of the der-/(If) mutants 
(Fig. 2A) (/4). Although cps-1(sm24) causes re- 
duced embryonic cell death at most embryonic 
stages, as did the der-J(If) mutations, it did not 
affect the number of TUNEL-stained cells in the 
ern-2(tm1177) embryos (Fig. 1D). This result sug- 
gests that, unlike cps-/, der-/ facilitates cell death 
by promoting apoptotic DNA degradation, 

We investigated whether reduction of embry- 
onic cell death caused by der-/(If) mutations 
might result in survival of cells that normally die 
and thus yield extra "undead" cells in the anterior 
pharynx of mutant animals (/4, 49). Both der- 
1(ok247) and der-I(pk1351) mutants had low 
numbers of extra cells in the anterior pharynx 
(table S1). When combined with other weak cell- 
death mutations, such as the partial loss-of- 
function mutation (n2438) in the gene encoding 
the CED-3 caspase, der-I(If) mutations signifi- 
cantly increased the number of extra cells in the 
anterior pharynx (table $1), For example, an av- 
erage of | 3 extra cells were seen in ced-3(n2438) 
animals, whereas, on average, 3.1 extra cells were 
present in der-I(//); ced-3(n2438) animals (table 
S1). Although cps-6(sm/16) or ern-2(tm1177) in- 
dividually also increased the number of extra cells 
in the ced-3(n2438) mutant background, neither 
cps-6(sm116) nor crn-2(tm1177) increased the num- 
ber of extra cells in the der-1(ok247); ced-3(n2438) 
mutant (table S1), which indicated that der-/, cps-6, 
and crn-2 may act in the same pathway to pro- 
mote apoptosis and DNA degradation. 

Because apoptotic DNA degradation occurs 
in response to caspase activation (5, 7, 14), we 
performed epistasis analysis to examine whether 
activation of ced-3 leads to activation of der-/, 
using an integrated transgene (sm/s//1) ex- 
pressing an activated form of CED-3 (acCED-3) 
under the control of the eg/-/ promoter (49, 52). 
When smls//1 was placed in the ced-1(e1735); 
egl-1(n3082) mutant background, in which al- 
mostall naturally occurring somatic cell deaths in 
C. elegans are blocked by a loss-of-function mu- 
tation (3082) in the cell-death initiator egi-/, 
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acCED-3 still induced ectopic cell death and an 
average of 16.5 and 11 persistent cell corpses in 
three-fold and four-fold late-stage embryos, respec- 
tively (Fig. 2C). The der-1(0k247) mutation signif 
icantly reduced the number of ectopic cell deaths 
induced by acCED-3 in ced-I(e1735) smIsI11; 
egl-1(n3082) embryos, which indicated that 
der-] likely acts downstream of ced-3 to promote 
apoptosis and DNA degradation, 

DCR-1 cofactors in RNA processing do not 
affect apoptosis. In C. elegans, various cofac- 
tors interact with DCR-1 to regulate processing 
of dsRNA and to generate small RNAs, includ- 
ing miRNAs, siRNAs, and siRNAs derived from 
endogenous triggers (endo-siRNAs) (2/, 26, 53). 
For example, ALG-1 and ALG-2 (Argonaute- 
like gene) are required for miRNA production; 
RDE-1, RDE-4, DRH-1, and DRH-2 are required 
for siRNA production; and ERI-1 and RRF-3 
are required for endo-siRNA production, We 
thus examined whether these DCR-1 cofactors 
also functioned in regulating apoptosis and DNA 
degradation. Loss of DCR-1 cofactors did not 
affect the number of TUNEL-stained cells in the 
cps-6(sm116) mutant or cps-6(RNAi)-treated 
animals (table $2). Moreover, unlike der-/(If) 
mutants, which have a reduced number of em- 
bryonic cell corpses, the numbers of embryonic 
cell corpses in animals deficient in DCR-1 cofac- 
tors were comparable to those seen in wild-type 
animals (fig. $1). These results indicate that de- 
fects in the generation of miRNAs, siRNAs, 
endo-siRNAs, or other small RNAs do not seem 
to affect apoptosis or apoptotic DNA degradation 
and that DCR-I likely mediates apoptotic DNA 
degradation through a previously uncharacter- 
ized mechanism independent of its roles in RNA. 
processing. 

DCR-1 is a substrate of the CED-3 caspase. 
Given that der-/ acts downstream of ced-3 to 
promote apoptosis and DNA degradation, we 
tested whether DCR-1 itself might be a substrate 
of the CED-3 protease, We synthesized a gluta- 
thione S-transferase DCR-1 fusion (GST-DCR-1) 
and labeled it with [*°S]methionine in rabbit re- 
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Fig. 2. Function of dcr-1 downstream of ced-3 to promote cell death. Em- 
bryonic cell corpses were counted in the following animals: (A) N2, dcr-1(0k247), 
dcr-1(pk1351), and cps-1(sm24) animals; (B) ced-1(e1735), ced-1(e1735); 
dcr-1(ok247), and ced-1(e1735); dcr-1(pk1351) animals; (C) ced-1(e1735) 
smls111; egl-1(n3082) and ced-1(e1735) smls111; dcr-1(0k247); egl-1(n3082) 
animals. Stages of embryos examined were comma, 1.5-fold, 2-fold, 2.5- 
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fold, 3-fold, and 4-fold. The y axis represents average number of cell 
corpses scored, and error bars represent SD. For each embryonic stage, 15 
embryos were counted. The significance of differences between different 
genetic backgrounds was determined by two-way ANOVA, followed by 
Bonferroni comparison. *P < 0.001; **P < 0.05. All other points had P 
values > 0.05. 
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ticulocyte lysate and incubated it with purified 
CED-3 protease. [°°S]Met-labeled GST-DCR-1 
was cleaved by CED-3, which yielded two pri- 
mary cleavage products of about 193 and 43 kD 
(Fig. 3A, lanes | and 2). A DCR-I deletion mu- 
tant, DCR-1(1045-1845), was also cleaved by 
CED-3 to yield the same 43-KD cleavage product 
(fig. S2A), which suggested that CED-3 cleavage 
‘occurs at the carboxyl terminus of DCR-I. To 
determine the CED-3 cleavage site in DCR-1, we 
expressed and purified a truncated DCR-I protein 
with a six-histidine tag, DCR-1(1334-1791)-Hiss, 
and incubated the purified protein with the C 
protease, The ~37-kD C-terminal DCR-1 cleavage 
product was subjected to N-terminal sequencing 
(fig. S2B) (49). Residues 1473 to 1477 
1 (GIETI) (39) were found to be the N 
terminus of this DCR-1 cleavage product, which 
suggested that DCR-I was cleaved by CED-3 
between Asp!*” and Gly'*”, When Asp'*” of 
DCR-1 was replaced by Glu through site-directed 
mutagenesis, the resulting mutant protein GST- 
DCR-I(D1472E) was not cleaved by CED-3 
(Fig. 3A, lanes 3 and 4), which confirmed that 
Asp'*”? is the CED-3 cleavage site. Thus, DCR-1 
is a substrate of CED-3 in vitro. 

Cleavage of DCR-1 by CED-3 destroys the 
dsRNA dicing activity but activates a DNase 
activity. Full-length DCR-I contains a helicase 
domain at its N terminus; a PAZ domain in the 
middle; and two RNase TIl-like domains (indicated 
as RNase Mla and RNase Illb, respectively) and a 
dsRNA binding domain at the C terminus (Fig. 
3A). Cleavage of DCR-1 by CED-3 at Asp!” 
which is in the middle of the RNase IIa domain, 
presumably would destroy the RNase Ta domain 
but leave RNase IIb unaffected. Consistent with 
the findings that both RNase ITT domains of 
Dicer are required for binding and cleaving dsRNA 
(29, 42), CED-3 cleavage of GST-DCR-1 abol- 
ished the 22- to 23-nucleotide dicing activity of 
DCR-1 on dsRNA (Fig. 3A, left, lanes 5 to 8). 
However, the C-terminal cleavage product of 
DCR-1, which we named tDCR-I, still contains 
one intact RNase TI domain (RNase IIb) that 
may retain some endonuclease activity. Given 
that DCR-1 is also involved in mediating apoptotic 
DNA degradation, we examined whether DCR-1 
or its CED-3 cleavage products might have a de- 
oxyribonuclease activity. GST-DCR-I and GST- 
DCR-1(D1472E) synthesized in rabbit reticulocyte 
lysate were affinity purified using glutathione 
Sepharose resins and incubated with pUC19 
supercoiled plasmid DNA substrate in the pres- 
ence or absence of the CED-3 protease (49). 
Purified CED-3 protease or GST-DCR-I alone 
did not cleave or nick plasmid DNA (Fig. 3B, left, 
top, lanes 1 to 3). Incubation of CED-3 with GST— 
DCR-I resulted in nicking of the plasmid DNA 
and the mobility shift of the plasmid DNA from 
the supercoiled form (SC) to the nicked open 
circle form (Fig. 3B, left, top, lane 4). This plas- 
mid DNA nicking activity required the presence 
of Mg”” and was not observed when GST-DCR- 
1(D1472E) was incubated with CED-3 (Fig. 3B, 


silver staining 1 


Fig. 3. Activation of a deoxyribonuclease activity after cleavage of DCR-1 by CED-3. (A) Cleavage of 
DCR-1 at Asp**”, (Top) A schematic diagram of DCR-1, tDCR-1, tDCR-1(del), and various DCR-1 domains. 
The CED-3 cleavage site is indicated. (Bottom) Cleavage of DCR-1 by CED-3 at Asp’*”* abolished the 
dsRNA dicing activity of DCR-1. (Lanes 1 to 4) GST-DCR-1 and GST—DCR-1(D1472E) were synthesized in 
rabbit reticulocyte lysate and labeled with [?°S]Met. They were then incubated with or without 5 ng of 
purified CED-3 for 1 hour and resolved by 12% SDS—polyacrylamide gel electrophoresis (PAGE). (Lanes 5 
to 8) GST—DCR-1 was synthesized in rabbit reticulocyte lysate and purified by glutathione Sepharose 
resins. Purified GST—DCR-1 was first incubated with or without 5 ng of purified CED-3 for 2 hours before 
addition of [u-*?P]UTP-iabeled dsRNA probes. Purified fly Dicer-2 protein was included as a positive 
control. Samples were resolved by 20% native polyacrylamide gel. Autoradiography image is shown. (B) 
Activation of DNase activity after cleavage of DCR-1 by CED-3. (Lanes 10 and 11) GST-DCR-1 and GST— 
DCR-1(D1472E) were synthesized and purified as in (A) in the presence of both Met and [?°S]Met (50:1). 
pUC19 plasmid DNA (200 ng) was incubated with purified GST-DCR-1 or GST—-DCR-1(D1472E) or both 
(lane 6) in the presence or absence of 5 ng of purified CED-3 for 1 hour at 37°C (49). Twice the amount of 
GST—-DCR-1(D1472E) was added in lane 6. One-half of the samples was resolved on 1% agarose gel and 
then stained with ethidium bromide before an ultraviolet image was taken (top). Two units of TdT, 
[a-**P]dCTP, and CoCl, (250 uM) were added to the remaining reactions and incubated for another 2 hours 
at 37°C. The samples were resolved on 1% agarose gel, then fixed and dried for autoradiography (bottom). 
In lane 9, only one-fourth of the sample was loaded. A 1-kb Plus DNA ladder was used (Invitrogen). (C) 
DNase activity of tDCR-1. tDCR-1-Flag and tDCR-1(del)—Flag were expressed in C. elegans, purified on an 
anti-Flag affinity column, eluted by Flag peptides (49), and resolved on 15% SDS-PAGE, before being 
subjected to silver staining (lanes 1 and 2). The nuclease activity assay and TdT labeling were done as in (B) 
with two different plasmids (pUC19 and pGEX-5X1). The TdT labeling method is expected to more efficiently 
label a linear substrate versus a nicked substrate. 
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left, top, lanes 5, 7, 8), which indicated that 
CED-3 cleavage is required to activate this new 
Mg?*-dependent DNase activity of DCR-1. Incuba- 
tion of GST-DCR-I(D1472E) with GST-DCR- 
1 and CED-3 did not prevent the activation of this 
DNase activity by CED-3 (Fig. 3B, left, top, lane 6). 


nz 
 der-1(0k247) 


Moreover, when the CED-3 cleavage site in DCR- 
1 was replaced by a site (ENLYFQG) (39) only 
recognized by the tobacco etch virus (TEV) protease 
(fig. S3A), the resulting DCR-1 mutant, GST- 

DCR-1(1472TEV), was not activated by CED-3 
to generate a DNase activity (fig. S3B, lanes 1 to 
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4), By contrast, purified TEV protease cleaved 
GST-DCR-1(1472TEV) but not GST-DCR-1 to 
activate a similar DNase activity (fig. S3, A and 
B, lanes 5 to 10). Together, these results in- 
dicate that this CED-3-activated DNase activ- 
ity is derived from cleavage of DCR-1 at Asp!4” 
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corpses were scored in the following animals: (A) N2, dcr-1(0k247), der-1(0k247); 
X/Paix-2DCR-1] arrays 1 to 3; (B) N2, der-1(0k247), der-1(0k247); ex[P.7-1DCR-1(D1472E)] 
arrays 1 to 3; (C) N2, der-1(0k247), der-1(0k247); ex[Pier.ztDCR-1] arrays 1 to 3; (D) 
N2, der-1(0k247), der-1(0K247); ex|Py.,DCR-1(E1E2)] arrays 1 to 3; (E) N2, der-1(0k247), 
dcr-1(0k247); ex{Pc--1DCR-1(E1D1E2)] arrays 1 to 3; (F) ced-1(e1735), ced-1(e1735); 
ex[P), tDCR-1] arrays 1 to 3; and (G) ced-1(e1735), ced-1(e1735); ex[PhsptDCR-1(de)] 
arrays 1 to 3. Stages of embryos examined were comma, 1.5-fold, 2-fold, 2.5- 
fold, 3-fold, and 4-fold. The y axis represents average number of cell corpses 
scored, and error bars represent SD. For each developmental stage, 15 embryos were 
counted. The significance of differences between different genetic backgrounds was 
determined by two-way ANOVA, followed by Bonferroni comparison. *P < 0.001; **P < 
0.05. All other points had P values > 0.05. 
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Fig. 5. Catalytic residues important for DCR-1's dsRNA dicing 
activity and tDCR-1's DNase activity. (A) Alignment of con- 
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Mg + - + + + 


GSRNA dicing assay 


GST-DCR-1 
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served regions of Aquifex aeolicus (Aa) RNase III and RNase Illa 


and RNase IIIb domains of Giardia intestinalis (Gi), Homo sapiens 


(Hu), and C. elegans (Ce) dicer nucleases. Highly conserved cat- 

alytic acidic residues are hightighted in red. (B) Catalytic residues s7e 

important for DCR-1's dsRNA dicing activity. (Top) The dsRNA dicing assay was done as in Fig. 3A. Wild-type 
(WT) and mutant GST-DCR-1 proteins (E1E2 and E1D1E2), in which the indicated acidic residues were 
replaced by Ala, were synthesized and purified as in Fig. 3B. (Bottom) Purified GST—DCR-1 proteins. (C) 
Catalytic residues important for tDCR-1's DNase activity. The DNase activity assay on the pUC19 plasmid and 


TdT labeling were done as in Fig. 3B. 


rather than from a protein copurified with DCR- 
1 and activated by CED-3 cleavage. 

Because the RNase IIT enzyme is known to 
generate 3/ OH ends (30, 40) and DCR-1 is impli- 
cated in generating 3’ OH DNA breaks in C. elegans 
apoptotic cells that are labeled by TUNEL (Fig. 
1), we tested whether CED-3-activated DCR-1 
produced 3’ OH ends in vitro that could be labeled 
by [a-“P]deoxycytidine triphosphate (dCTP) cat- 
alyzed by TdT, Bam HI, a restriction endonuclease, 
completely linearized plasmid DNA and generated 
3’ OH DNA ends that were strongly labeled by 
TAT (Fig. 3B, left, bottom, lane 9). GST-DCR-1 
but not GST-DCR-1(D1472E), when treated with 
CED-3, generated both nicked and linearized 
plasmid DNAs that were labeled by TdT in a 
Mg?"-dependent manner (Fig. 3B, lefi, bottom, 
lanes 3 to 8), This result indicates that cleavage of 
DCR-1 by CED-3 activates a deoxyribonuclease 
activity that can nick DNA and create 3’ OH ends. 

tDCR-1 has the DNase activity. We further 
investigated whether (DCR-1, a CED-3 cleavage 
product that retains a complete RNase IIIb domain 
and a dsRNA-binding domain, is responsible for 
the newly generated DNase activity. (DCR-I tagged 
with a Flag epitope was expressed in C. elegans 
under the control of heat-shock promoters. A 
mutant {DCR-1, in which one-half of the RNase 
TlIb domain is deleted [tOCR-1(del)], was sim- 
ilarly expressed in C. elegans. After heat-shock 
induction, t(DCR-I-Flag and tDCR-I(del)-Flag 
were purified from worm lysate on an anti-Flag 


lanes land 2) (49) and 

ity. tDCR-1 nicked 
supercoiled plasmid DNA and caused a shift of 
some of the DNA to the nicked open circle form, 
whereas tDCR-I(del)-Flag failed to do so (Fig. 
3C, top, lanes 3 to 5), TAT labeling indicated that 
tDCR-1 generated both nicked and linearized 
plasmid DNAs with 3’ OH ends (Fig. 3C, bottom, 
lane 4), whereas tDCR-I(del) did not nick or 
linearize plasmid DNA. We observed similar re- 
sults with two other plasmids with different 
sizes (Fig. 3C, lanes 6 to 8 and fig. S3C), which 
indicated that the nicking activity of (DCR-1 
may be relatively unspecific as to sequence, Thus, 
tDCR-I functions as a DNase to nick DNA and 
to generate 3’ OH ends. 

Cleavage of DCR-1 by CED-3 is important 
for its proapoptotic activity. We tested whether 
cleavage of DCR-1 by CED-3 is required for 
promoting cell death in C. elegans. Expression of 
DCR-I under the control of the endogenous der-/ 
promoter (P,j,..;CR-1) fully rescued the reduced- 
embryonic-cell-corpse phenotype of der-1(ok247) 
animals (Fig. 4A). This construct also rescued 
the abnormal vulva phenotype (bursting vulva 
and protruding vulva) of der-1(0k247) animals 
(table $3), which is due to a defect in biogenesis 
of miRNAs (2/). We were unable to examine 
rescue of the RNAi defect of der-/(ok247) animals, 
because der-I(ok247) homozygous animals de- 
rived from der-I(ok247)/~ heterozygous mothers 
show no RNAi defect owing to maternal rescue 


of der-1 (21), Py.) DCR-1(D1472E), which drives 
the expression of the CED-3-rsistant DCR- 
1 mutant, rescued the vulva defects of der-/(ok247) 
animals, but failed to rescue the reduced- 
embryonic-cell-corpse phenotype of der=/(ok247) 
animals (table S3 and Fig. 4B). These findings 
indicate that cleavage of DCR-I by CED-3 is 
critical for promoting cell death but is not needed 
for biogenesis of miRNAs. However, expression 
of t(DCR-I under the control of the der-/ promoter 
(PyjgutDCR-1) fully rescued the cell-death defect 
of der-/(0k247) animals but did not rescue their 
vulva defects (Fig. 4C and table S3), which 
confirmed that t(DCR-1 is sufficient to mediate 
DCR-1’s proapoptotic function. 

We generated three integrated transgenes, smls/82, 
smls196, and smis201, which carry P,g).,DCR-1, 
Py./DCR-1(D1742E), and P4,.,tDCR-1, respec- 
tively. These transgenes were crossed into the cps- 
6(sm116); der-1(ok247) mutant, and we assessed 
their ability to rescue the DNA degradation defect of 
the der-/(0k247) mutant, Both sms 182 (P,jyDCR= 
1)and smis201 (P,g,.{CR-1) restored the number 
of TUNEL-stained cells in cps-6(sm116); der- 
1(ok247) embryos to the level seen in cps-6(sm116) 
embryos alone (Fig. 1E), which suggested that both 
transgenes rescue the DNA degradation defect of 
the der-/(ok247) mutant. In contrast, cps-6(sm116), 
der-1(0k247), smls196 embryos had few TUNEL- 
stained cells (Fig. 1E), which indicated that the 
P,je;-;DCR-1(D1742E) transgene was unable to 
rescue the DNA degradation defect of the der- 
1(0k247) mutant. These results further indicate 
that t(DCR-1 is sufficient to replace DCR-I in pro- 
moting DNA degradation and apoptosis, whereas 
the CED-3-resistant DCR-1 mutant is not. 

We also induced global overexpression of 
tDCR-1 under the control of the heat-shock pro- 
moters (Pj.,{DCR-1) and examined whether 
{DCR-I could induce ectopic apoptosis. When 
expressed in the ced-/(e/735) mutant that is de- 
fective in engulfment of apoptotic cells and thus 
allows casy detection of increased apoptosis, 
tDCR-1 caused an increase of about 45 to 50% in 
the number of apoptotic cells (Fig. 4F), whereas 
the DNase-defective t(DCR-1 (del) mutant had no 
such activity (Fig. 4G), In the strong ced-3(n2433) 
mutant that is deficient in cell death, (DCR-1 over 
expression failed to induce any apoptosis (table 
$4), possibly because {DCR-I needs to cooperate 
with other CED-3-activated cell-death pathways to 
induce apoptosis. Yet overexpression of (DCR-1 but 
not t{DCR-1(del) still created a significant num- 
ber of TUNEL-stained cells (Fig.1G), which 
showed that tDCR-1 can initiate 3‘ OH nicks in 
chromosomal DNA, independently of CED-3. 
Together, these results indicate that cleavage of 
DCR-1 by CED-3 during apoptosis is critical 
for its role in promoting apoptosis and produces a 
cleavage product, tDCR-1, that initiates apoptotic 
DNA degradation through its DNase activity, 

Conserved acidic residues are important 
for both DCR-1 cleavage of RNA and tDCR-1 
cleavage of DNA. Because DCR-1 is a dsRNA- 
processing enzyme and the yeast RNA III, 
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RntIp, can cleave the DNA strand of DNA-RNA. 
hybrids in vitro (54), (DCR-1 may cleave DNA. 
through the same catalytic mechanism used for 
dsRNA cleavage. We thus examined whether 
catalytic residues that are critical for Dicer’s 
ribonuclease activity are also important for 
tDCR-l’s DNase activity (29, 42). Structural 
analysis of Giardia Dicer reveals four highly 
conserved acidic residues that are involved in 
binding and positioning of the two catalytic di- 
valent metal cations in each RNase TIT domain 
(Fig. 5A; they are named El, D1, D2, and E2 for 
simplicity) (42). The D1 and E2 residues in both 
RNase TIT domains have been shown to be im- 
portant for the dicing activity of human dicer 
(29). We generated two DCR-1 mutants with 
altered acidic residues in the RNase IIIb domain, 
the E1E2 double mutant (E1617A, E1729A) and 
the EIDIE2 triple mutant (E1617A, D1621A, 
E1729A). We then assayed their dsRNA dicing 
activity and CED-3-activated DNase activity. 
The DCR-I(E1E2) mutant showed significantly 
reduced dsRNA dicing activity, which was de- 
pendent on the presence of Mg" (Fig. 5B, lanes 
1 to 4). The CED-3~activated DNase activity of 
DCR-1(E1E2) was also impaired (Fig. SC, lanes 
1 to 4). In comparison, no detectable dsRNA. 
dicing activity or CED-3—activated DNase activ- 
ity was observed with the DCR-1(E1D1E2) triple 
mutant (Fig. 5B, lane 5, and Fig. SC, lanes 5 to 
6). These results and the observations that the 
dsRNA dicing activity and the CED-3—activated 
DNase activity of DCR-1 were both dependent 
on Mg” indicate that the catalytic mechanism of 
DNA cleavage by tDCR-1 is likely similar to that 
for dsRNA cleavage by DCR-1. They also pro- 
vide further evidence that the CED-3-activated 
DNase activity comes from Dicer. 

We also tested whether these catalytic residues 
are important for DCR-1’s functions in vivo. 
Consistent with its reduced RNase and DNase 
activities in vitro, DCR-1(E1E2) expressed under 
the control of the der-1 promoter [P je; DCR- 
1(E1E2)] partially rescued the vulva defects, the 
reduced-embryonic-cell-corpse defect, and the 
DNA degradation defect of der-1(0k247) ani- 
mals (table S3, and Figs. 1F and 4D). However, 
expression of the DCR-I(EIDIE2) mutant 
[Pulen./DCR-1(E1D1E2)], which had no detectable 
RNase or DNase activity in vitro (Fig. 5, B and C), 
failed to rescue all three defects of der-/(0k247) 
animals that we assayed (table S3, Fig. IF, and 
Fig. 4E). Thus, the in vitro dsRNA dicing activity 
and the CED-3-activated DNase activity of two 
DCR-1 mutants correlate with their abilities to 
promote small RNA processing and apoptosis in 
C. elegans. 

Discussion. The Dicer ribonuclease plays a 
critical role in processing dsRNA substrates 
into short dsRNA species, such as siRNAs 
and miRNAs with diverse regulatory functions 
(30, 40, 41). Our findings that C. elegans DCR-1 
is involved in generating TUNEL-reactive DNA. 
breaks in apoptotic cells that are later resolved by 
downstream apoptotic nucleases, such as CPS-6 
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and NUC-1, and that DCR-I promotes, and even 
is required for, apoptosis in sensitized genetic 
backgrounds reveal an unexpected role of DCR-1 
in apoptosis and in initiating apoptotic DNA 
degradation. The observations that inactivation of 
ctucial DCR-I cofactors in generating siRNAs, 
miRNAs, endo-siRNAs, and other small RNAs 
did not affect either apoptotic DNA degradation 
or apoptosis indicate that DCR-1 likely pro- 
motes apoptosis through a distinct mechanism 
that is not related to dsRNA processing and 
gene silencing. 

Dicer is a member of the RNase III family 
that recognizes and cleaves dsRNA substrates to 
various lengths and is not known to contain a 
deoxyribonuclease activity (40, 41). All RNase 
TI family enzymes contain at least one char- 
acteristic RNase III domain and most also have a 
dsRNA-binding domain (dsRBD). Some, like 
Dicer, contain two RNase IIT domains and several 
additional domains, including the PAZ domain 
and the DExH helicase domain. Biochemical and 
structural analyses of the Dicer enzymes indicate 
that two RNase III domains form an intramo- 
lecular dimer, which constitutes a single process- 
ing center, with each domain contributing to the 
hydrolysis of one RNA strand of the duplex sub- 
strate through several highly conserved acidic 
residues that bind and position two catalytic Mg” 
cations (29, 42). Interestingly, CED-3 cleaves C. 
elegans DCR-1 in the middle of its first RNase TIT 
domain. yielding a C-terminal cleavage product 
(tDCR-1) with only one complete RNase IIT do- 
main, and presumably, a disabled dsRNA process- 
ing center. Indeed, cleavage of DCR-1 by CED-3 
abolishes the dsRNA dicing activity of DCR-1. 
However, cleavage of DCR-1 by CED-3 appears 
to also activate a deoxyribonuclease activity that 
can nick and linearize DNA to generate 3’ OH 
DNA ends through the same highly conserved 
catalytic residues and Mg?” cations, and this 
DNase activity is not observed in full-length 
DCR-1. The observations that (DCR-I similarly 
nicked and linearized DNA in vitro and fully 
rescued the cell-death defects of the der-/(If) 
mutant when expressed under the control of the 
der-I promoter and the findings that expression 
of DCR-1(D1472E), the CED-3-resistant mu- 
tant, fully rescued the developmental defects of 
the der-/ (If) mutant but failed to rescue the cell- 
death defects of the der-/(/f) mutant indicate that 
cleavage of the DCR-I ribonuclease by CED-3 ac- 
tivates a DNase activity that is necessary and suf- 
ficient to promote DNA degradation and apoptosis. 
and that the proapoptotic function of DCR-I is 
separable from DCR-I’s developmental func- 
tions. The proteolytic mechanism we discovered, 
through which a ribonuclease is disabled and con- 
verted into a DNase. may have more general im- 
plications on regulation of RNases and DNases, 
RNA and DNA binding proteins, and their asso- 
ciated cellular functions. 

In mammals, the apoptotic nuclease DFF40 is 
kept in check in normal cells by its cognate 
inhibitor DFF45 (5-8). During apoptosis, exec- 
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utor caspases, such as caspase-3 and caspase-7, 
are activated to cleave a plethora of caspase tar- 
gets, which lead to rapid cell disassembly. One of 
these targets is DFF45, which is cleaved and 
inactivated by caspases to unleash DFF40 and to 
initiate the chromosome fragmentation process. It 
is intriguing that no DFF40 or DFF45 homologs 
are found in C. elegans, in which other key cell- 
death components are highly conserved, includ- 
ing apoptotic nucleases endoG and DNase II (4). 
We propose that (DCR-1 is a functional analog of 
DFF40 and that a conserved, caspase-mediated 
mechanism activates the apoptotic DNA degra- 
dation process in both C. elegans and mammals. 
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Detection of a Large-Scale Structure 
of Intracluster Globular Clusters 


in the Virgo Cluster 


Myung Gyoon Lee,** Hong Soo Park,’ Ho Seong 


Globular clusters are usually found in galaxies, an 


Hwang*? 


id they are excellent tracers of dark matter. 


Long ago it was suggested that intracluster globular clusters (IGCs) may exist that are bound to a 
galaxy cluster rather than to any single galaxy. Here we present a map showing the large-scale 
distribution of globular clusters over the entire Virgo cluster. It shows that IGCs are found 


out to 5 million light years from the Virgo center 


and that they are concentrated in several 


substructures that are much larger than galaxies. These objects might have been mostly stripped 


off from low-mass dwarf galaxies. 


Imost six decades ago, it was suggested 
that stars and interstellar medium may 
exist between galaxies that are in clusters 

of galaxies (/, 2). To date, there is accumulating 
evidence for the existence of diffuse optical 
stellar light, planetary nebulae, resolved red giant 
stars, and diffuse hot x-ray-emitting gas between 
galaxies in nearby galaxy clusters (3-7). Some of 
these objects are not bound to any single galaxy 
but are gravitationally controlled by the potential 
of the galaxy cluster itself. These are called intra- 
cluster objects. 

Tt was then suggested that globular clusters 
should be stripped off from galaxies in a galaxy 
cluster and that there should be a cluster-wide 
population of intracluster globular clusters (IGCs) 
in galaxy clusters (8-10). However, so far there 
has been no indication of IGCs in the Coma 
cluster, and only a small number of IGCs were 
found in similar studies of other galaxy clusters 
because of the studies’ relatively shallow photo- 
metric limits or small area coverage (//—/4). It 


4Astronomy Program, Department of Physics and Astronomy, 
Seoul National University, Seoul 151-742, Korea. “CEA Saclay/ 
Service d'Astrophysique, F-91191 Gif-sur-Wette, France. 

*To whom correspondence should be addressed. E-mail: 
mglee@astro.snu.ac.kr 


is not yet known whether this cluster-wide 
population of IGCs exists in any galaxy cluster 
or not. 

The Virgo cluster is the best target in which to 
search for a cluster-wide population of IGCs, be- 
cause it is the nearest massive galaxy cluster. 
However, because of its largest angular extent 


Fig. 1. ig — (9 —i)g color- 
magnitude diagrams for 
the point sources in Virgo. 
(A) A sample galaxy field 
composed of 10 circular 
fields (radius 20 arc min) 
centered on the brightest 
galaxies. The contribution 
of the foreground stars 
was subtracted. Most of 
the sources are globular 
clusters. (B) A sample con- 
trol field located at 6° to 
9° from the Virgo center, 
covering the same area as 
(A). Most of the sources are 
foreground stars belonging 
‘to our Galaxy. Darker col- 


21 


22 
0.5 


A Sample goloxy field 
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(over 10° in the sky) (/5) and the faintness of its 
globular clusters, it has been difficult to find and 
study IGCs over the entire Virgo cluster. 

‘We present the results of a search for glob- 
ular clusters over the entire Virgo cluster using 
data from the Sloan Digital Sky Survey (SDSS) 
(16, 17). The SDSS data are deep enough to 
study the bright globular clusters in Virgo, and 
its survey area is wide enough to cover the entire 
Virgo cluster. 

The Virgo cluster is located at a distance of 54 
million light years (16.5 mpc); 1° in the sky come- 
sponds to 940,000 light years (288 kpc) at this 
distance. The globular clusters at the distance of 
Virgo appear as point sources in the SDSS im- 
ages; thus, they cannot be distinguished from 
faint foreground stars in our Galaxy in the images. 
To overcome this problem and create a map of 
the globular clusters in Virgo, we used the photom- 
etry of the point sources in the SDSS Sixth Data 
Release (/8). 

We selected bright globular cluster candidates 
ina circular field with a radius of 9°, including the 
Virgo cluster, using the criteria for color and mag- 
nitude (with reddening corrected): 0.6 < (g— i)o < 
1.3 and 19.5 < ig < 21.7 mag (where g and i are 


B aa control fiela 


id | 
| 
| 
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ors represent the higher number density. The box represents the region used for selecting the bright 


globular cluster candidates in Virgo in this study. 
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g-band and i-band magnitudes, respectively, and 
ig is an extinction-corrected i-band magnitude), 
as marked by the box in Fig. 1. This color range 
is similar to that used for selecting globular clus 
in the galaxy M87 (/9) and corresponds to a 
metallicity range of -2.0 < [Fe/H] <+0.4 (20, 2/). 
The lower magnitude limit, ig < 21.7 m 
ag brighter than the peak magnitude in nthe 
function of globular clusters (/9). By 
using globular clusters brighter than ip = 21.7 mag, 
red ~13% of the entire globular cl 
suming that their luminosity fanc- 


is 


ter 


face number density map for 
the globular clusters in Virgo after subtracting the 
contribution of foreground stars [including the 
Virgo overdensity (22)] using the color-magnitude 
diagram method (details are described in the sup- 
porting online material) (Fig. 2A). The surface 
number density map for the globular clusters re- 
veals the existence of a diffuse large-scale dis- 
tribution of globular clusters (shown in cyan and 
nn), extending out to about 6° (5 million light 
years) from the Virgo center, close to the boundary 
of the Virgo cluster. 

It also shows the presence of several strong 
concentrations of globular clusters. Their loce 
tions correspond to the positions of bright ellip- 
tical galaxies such as M87, M49, M60, M86/M84, 
and NGC 4636. However, the sizes of these sub- 
structures are much larger than individual gal- 
axies. This population must include not only 
globular clusters in galaxies but also IGCs. 

The large-scale distributions of globular clus- 
ters surrounding M87, M49, and M60 are similar 
in general to that of Ia 
seen in the ROSAT (Roentgen Satellite) x-ray 
map (Fig. 2B), However, one diffuse component 
of globular clusters in the west of M87 is not seen 
in the x-ray map, whereas one diffuse x-ray com- 
ponent in the north of M87 is not found in the 
map of globular clusters. 

There are tidal features around some bright 
galaxies; an clongated structure in the outer part 
of M87 and bridgelike features between M87 and 
M86 (also between M87 and M89). Thes 
tures are similar to the distribution of diffuse stel- 
lar light found in the deep optical image of the 
inne * 1,5° region (6). 

It is known that the color distribution for the 
globular clusters in giant elliptical galaxies is bi- 
modal, showing that there are two populations: 
blue and red globular clusters (that is, metal-poor 
and. metal-ri bular clusters, respectively) 
(23, 24). The large-scale distribution of the blue 
globular clusters in the Virgo cluster is much 
more extended than that of the red globular clus- 
ters (Fig. 3); a similar trend is seen around bright 
galaxies (most dramatically around M49 and 
M87). Therefore, the IGCs are probably domi- 
nated by the blue globular clusters. 

We derived the radial number density profiles 
for the globular clusters [6 (number per square 
are minute)] as a function of radius from the cen- 


www.sciencemag.org SCIENCE VOL 328 


ARA (deg) 


REPORTS 


ARA (deg) 


Fig. 2. Surface number density maps for the globular clusters in comparison with the spatial distribution of 
galaxies and x-ray emission in the Virgo cluster region, ADEC and ARA are distances from M87 along 
dectination and right ascension, respectively. (A) Globular clusters. The levels are 0.012, 0.025, 0.06, and 
0.12 per arc min’, respectively, for cyan, green, yellow, and red boundaries. The positions of several bright 
elliptical galaxies are labeled. (B) Galaxies and x-ray emission. The pseudocolor map represents a luminosity- 
weighted surface number density map of the early-type (red) and late-type (blue) galaxies that are members 
of Virgo. The yellow contours represent the contours of x-ray image for the Virgo cluster region in the ROSAT 
all-sky survey (in the hard energy band 0.4 to 2.4 keV) (3). North is up and east is to the left. 


RA (deg) 
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Fig. 3. Surface number density maps of the blue globular clusters (GCs) [0.6 < (g — i), < 0.95] (A) and the 
red globular clusters [0.95 < (g — i) < 1.3] (B). The color for the boundary between the blue and red 


clusters, (g —i)o = 0.95, corresponds to the metallicity [Fe/H] = 


ter of the Virgo cluster (R) (25) (Fig. 4). The 
radial number density profiles of the globular 
clusters show a change in the slope at R= 40 are 
min, beyond which the slope gets flatter. This 


—0.82. The levels are the same as in Fig. 2A. 


break position is consistent with the value for the 
edge of the stellar halo of M87, R = 34 are min, 
derived from the kinematic study of planetary 
nebulae in Virgo (26). Therefore, the globular 
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Fig. 4. Radial number density profiles for the globular clusters in Virgo, obtained after masking out a 
circular region (radius < 5 R2s) for each galaxy in the Virgo galaxy catalog except for M87 to remove 
globular clusters in galaxies. (A) All the globular clusters (circles). Dot-dashed lines and solid lines 
represent the linear fits for the inner region at R < 40 arc min and for the outer region at R > 40 arc min, 
respectively. Diamonds represent the radial number density profile for the dwarf elliptical (dE) galaxies 
that are members of Virgo. Curved dashed lines represent a projected NFW profile (33) for the Virgo mass 
distribution given by McLaughlin (34). (B) The blue globular clusters (squares) and (C) the red globular 
clusters (triangles). Crosses represent the data including the fainter (i < 23.0) globular clusters at R < 30 
arc min from M87 as given by Harris (29), arbitrarily shifted to match the data for 10 < R < 20 arc min. 
They are in a good agreement with our data for the inner region. 


clusters at R < 40 are min are considered to 
mostly belong to M87, whereas those at R > 40 
arc min may be mostly IGCs. Double linear fits 
for all of the globular clusters yield log(s) = 
=1.49 (£0.09), log(R) + 1.05 (+0.03) for the outer 
region (40 are min < R < 6°) and log(s) = 2.07 
(£0.01), log(R) + 1.99 (+0.002) for the inner re- 
gion (R < 40 are min). The slope for all the 
globular clusters at the outer region is similar to 
that for the dwarf elliptical galaxies and is con- 
sistent with the lower limit predicted from nu- 
merical simulations: —1.5 to —2.5 (27). This result 
suggests that the IGCs may follow the dark- 
matter distribution of the Virgo galaxy cluster. If 
the globular clusters in the core of Virgo under- 
go a transition from M87-dominated to Virgo- 
dominated, it is expected that their velocity 
dispersion profile for R> 40 are min is relatively 
flat, with a value that is a few hundred kilome- 
ters per second higher than that for the inner 
region (28), 

The number density of the blue globular clus- 
ters is, on average, about twice as large as that of 
the red globular clusters for the range 40 are min < 
R < 6° (Fig. 4, B and C), indicating again that 
the IGCs may be dominated by the blue globular 
clusters. For the range 40 are min < R < 6°, we 
measured N = 1500 + 300 IGCs with 19.5 <i < 
21.7 mag. This implies that the total number of 
entire IGCs in that region is M(total) ~ 11,900, 
assuming that the luminosity function for IGCs 
is similar to that for globular clusters in galaxies. 

There are several models to explain the origin 
of globular clusters in giant elliptical galaxies, but 
their origin is still controversial (29), Our finding 
that there is a wide distribution of IGCs and that 
they are mostly blue (metal-poor) indicates that 
the major origin of these IGCs is low-mass dwarf 


galaxies (30-32). This supports the mixture sce- 
nario for the origin of globular clusters in giant 
elliptical galaxies (29). According to this sce- 
nario, metal-poor globular clusters were formed 
mostly in low-mass dwarf galaxies, and metal- 
rich globular clusters were formed later with stars 
in massive galaxies or in dissipational merging 
galaxies, Elliptical galaxies grow via dissipational 
or dissipationless merging of galaxies and via ac- 
cretion of many dwarf galaxies. The IGCs in 
Virgo might have been stripped off from low- 
mass dwarf galaxies and are now being accreted 
locally to nearby massive galaxies and globally 
to the center of Virgo. 
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Three-Dimensional 


Invisibility Cloak 


at Optical Wavelengths 


Tolga Ergin,”**t Nicolas Stenger,"** Patrice Brenner,” John B. Pendry,? Martin Wegener™* 


We have designed and realized a three-dimensional invisibility-cloaking structure operating at 
optical wavelengths based on transformation optics. Our blueprint uses a woodpile photonic 
crystal with a tailored polymer filling fraction to hide a bump in a gold reflector. We fabricated 
structures and controls by direct laser writing and characterized them by simultaneous 
high—numerical-aperture, far-field optical microscopy and spectroscopy. A cloaking operation with 
a large bandwidth of unpolarized light from 1.4 to 2.7 micrometers in wavelength is demonstrated 


for viewing angles up to 60°. 


s today’s nanofabrication capabilities 
A ontinue to improve, we are better able 

to address the inverse problem of electro- 
magnetism with respect to what nanostructure 
will perform a requested functionality, In this 
regard, transformation optics (/—/4) is a unique 
and intuitive scientific tool that allows for the 
mathematical mapping of desired distortions of 
space onto an actual distribution of optical 
material properties in normal Cartesian space. 
Tailored inhomogeneous metamaterials enable 
us to approximate these target distributions. 
Invisibility-cloaking structures (/-/6) can serve 
as benchmark examples for the much broader 
ideas of transformation optics. 
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Fig. 1. (A) Blueprint of our 3D carpet-cloak structure. The 3D cone of 
light corresponding to the NA = 0.5 microscope lens is shown in red. (B) 
The local polymer volume filling fraction f of a woodpile photonic crystal 
composed of rods controls the effective local refractive index n. The black, 
red, and blue curves correspond to rod aspect ratios (= height/width) of 1, 2, 
and 3, respectively. The polymer needs to be connected, as do the air voids. 
These conditions impose lower and upper bounds on f, shown here for a rod 
aspect ratio of 2. The range of accessible values of n is restricted to be within 
1.00 (air) and 1.52 (bulk polymer). The filling fraction is actually controlled by 
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So far, invisibility-cloaking experiments at mi- 
crowave (5, 10) and optical frequencies (//-14) 
have been performed exclusively in two-dimensional 
(2D) waveguide geometries. In other words, these 
structures are immediately visible from the third 
dimension. Cloaking works only in the plane; the 
viewing angle is effectively zero in one direc- 
tion, Nevertheless, these structures have supported 
the validity of the concepts of both transformation 
optics and metamaterials. 

We designed, fabricated, and characterized 
3D _ invisibility-cloaking structures using tai- 
lored, dielectric face-centered—cubic (fec) wood- 
pile photonic crystals. We studied the behavior 
of these structures from wavelengths near the 
woodpile rod spacing (where the onset of dif- 
fraction of light leads to the Wood or Rayleigh 
anomaly in transmittance and reflectance) up to 
wavelengths much larger than this spacing (the 
effective-medium limit). 

In the carpet-cloak geometry (8, /0-13), a 
bump in a metallic mirror is hidden by adding a 
tailored refractive-index distribution on top. This. 


Refractive index n 


20 
Volume filling fraction f (%) 


space. 


the number of voxels (W € {0,3,4,5, 
of NV = 3 is illustrated by the inset in the lower right corner. For this case and 
for a vacuum wavelength of 2.4 um and a rod spacing of 0.8 1m, the upper 
left inset depicts the nearly spherical isofrequency surface in wave-vector 
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distribution can be calculated using the rules 
of transformation optics (8, /0). Though orig- 
inally designed for two dimensions, it has 
been shown (by numerical rendering of photo- 
realistic images via ray tracing) that the carpet- 
cloak concept should also work in a truly 3D 
setting and also for very large viewing angles 
(17). In our 3D blueprint (Fig. 1A), the bump 
is translationally invariant along the z direction 
and follows y(x) = hcos*(nx/w) for |x| <w/2 and 
zero otherwise, Here, h = | um is the height of 
the bump, and w= 13 ym is its full width, For 
the quasi-conformal mapping of the cloak, we 
choose a width of 26 jim in the a 
10 ym in the y direction. This cloak is 
rounded by a homogeneous woodpile 
ture, which is characterized in fig. $5 (18), 
Inside the cloak, the local effective refr: 
index is controlled via the volume filling frac- 
tion (/') of the polymer serving as constituent 
material for a usual woodpile photonic crystal 
(19, 20). The diamond-symmetry woodpile ge- 
ometry is chosen because it is expected to lead 
to nearly isotropic optical properties, The effective 
refractive index becomes n = 1.52 for f= 1 (bulk 
polymer) and n = 1.00 for f= 0 (air void). For 
intermediate values of f, we used the Massachu- 
setts Institute of Technology Photonics-Bands 
package (2/) to evaluate the effective local re- 
fractive index (Fig. 1B) on the basis of usual 
photonic-band-structure calculations. We found 
that the calculated 3D isofrequency contours 
are very nearly spherical in the long-wavelength 
limit (see inset in Fig. 1B). 

Figure 2 shows the target refractive-index 
distributions obtained from the quasi-conformal 
mapping (8) and corresponding electron mi- 
crographs of some of our structures made by 
standard direct laser writing lithography (20, 22). 
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Fig. 3. Optical characterization of the 3D structures (see Fig. 2) with unpolarized light in bright-field 
mode. The image intensity is shown on a false-color scale. The horizontal axis is a cut through the 
middle of the structure along the x direction (compare to Fig. 1A); the vertical axis is wavelength. (A) A 
bump without a cloak. The bump is immediately visible. (B) Result for a bump with a cloak that 
approaches the expectation for an ideal cloak (constant intensity). 


Fabrication details and sample dimensions 
are reported in the supporting online material 
(SOM) (18). To reveal their interiors, the struc 
tures are cut by means of focused ion beam 
(FIB) milling. This destructive measure is of 
utmost importance, as inspection of sample edges 
can be highly misleading due to the proximity 
effect. 

For what wavelengths do we expect reason- 
able cloaking? On one hand, it is sometimes 
argued that the wavelength of light needs to be 
at least one order of magnitude larger than the 
period or lattice constant to truly reach the 
effective-medium limit. This very conservative 
estimate would lead to operation wavelengths 
larger than § um for a = 800 nm or a wavelength 
of 11 jim for the fee lattice constant of 1.131 pm. 
On the other hand, the most aggressive and op- 


timistic approach is to argue that the effective- 
medium method can work up to the Wood 
anomaly. Once diffraction occurs, the periodic 
structure can no longer be considered a homoge- 
neous effective material. For normal incidence, 
diffraction of light becomes possible if the ma- 
terial wavelength is equal to or smaller than the 
lattice constant. For a = 0.8 jum and a glass- 
substrate refractive index of n = 1.5, the Wood 
anomaly is expected to occur at a vacuum wave 
length of 1.2 um. These conservative and aggres. 
sive considerations obviously differ by about 
cone order of magnitude in wavelength. 

To evaluate the performance of our fabri- 
cated samples, we start by discussing the results 
obtained by bright-field optical microscopy and 
spectroscopy. The numerical aperture (NA) of 
the used microscope lens of NA = 0.5 is equiv- 


Fig. 2. Target refractive index (n) dis- 
tributions (top) and oblique-view electron 
micrographs of fabricated structures after 
FIB milling (bottom). (A) A bump without 
a cloak. (B) A bump with a cloak. Note 
that the oblique view in the electron 
micrographs compresses the y direction. 
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alent to a full opening angle of the cone of light 
of 60° (Fig. 1A). Therefore, light is propagating 
not only in the xy plane (which would merely 
be 2D), but also in oblique directions (3D). De- 
tails of the home-built setup are described in the 
SOM (/8). Comesponding spatially and spec- 
trally resolved normal-incidence data (normalized) 
show that the bump is immediately visible by 
two pronounced spatial minima (Fig, 3A) result 
ing from light that is reflected by the two 
slopes of the bump toward the sides and is not 
collected by the lens. The light reflected from 
the top of the bump (where the tangent is 
horizontal) leads to the narrow bright stripe in 
the middle. The spectral oscillations are Fab 
Perot fringes. Their free spectral range agrees 
well with the expectation based on the total 
10-um thickness of the woodpile structure. In 
presence of the cloak and bump (Fig. 3B), the 
visibility of the bump is strongly suppressed, 
whereas cloaking is not quite perfect. This re- 
covery works well in the depicted wavelength 
range of 1.5 to 2.6 um in Fig, 3 (data over a 
larger spectral interval are shown in fig. $1). For 
wavelengths shorter than ~1.2 jim, the image 
becomes dimmer. Furthermore and most im- 
portant, in this regime, no recovery due to the 
esence of the cloak is observed. We interpret 
is short-wavelength dark region as being due 
to the Wood anomaly. Indeed, an ideal polymer 
woodpile can diffract as much as 50% of the 
incident light for wavelengths smaller than the 
Wood anomaly (see fig, $5), These levels explain 
the findings of our present work. For wave- 
lengths shorter than that of the Wood anomaly, 
ht field can no longer effectively average 
over the nanostructure. Hence, the structure is 
not expected to act like a locally homogeneous 
dielectric, and no cloaking action is expected: 
consistent with our above observations. For the 
present conditions, the effective-medium ap- 
proximation turns out to be much more forgiving 
than one might be tempted to believe at first 
sight. 

Control samples with only (i) the high-index 
region or (ii) the two low-index regions are shown 
in figs. $2 and $3, respectively. For case (ii), the 
bump appears wider than in Fig. 3A. For case (i), 
cloaking is worse than for the complete cloak in 
Fig. 3B. These two observations show that one 
really needs the complete reftactive-index. profile 
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Fig. 4. Optical characterization of the 3D structures with unpolarized light as in Fig. 3, but in dark-field 23. 
mode, (A) The bump is immediately visible by enhanced scattering. (B) Scattering is largely reduced 
with the cloak. 


derived from the quasi-conformal mapping in 
transformation optics to obtain good invisibility- 
cloaking performance. 
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nole (/3) and 2-stannanaphthalene (/4) have 
been synthesized and concluded to be aromatic 
compounds. Therefore, the concept of aromatic- 
ity has been expanded to Sn-containing carbo- 
cyclic systems. However, there has been no 
experimental evidence of whether the concept 
of aromaticity can be expanded to Pb-containing 
C rings, even though theoretical calculations 
predicted that dilithioplumbole would have con- 
siderable aromatic character (/5, 16). We report 
here the synthesis of dilithiotetraphenylplumbole, 
thus expanding the concept of aromaticity to C 
cycles incorporating the heaviest group-14 ele- 
ment (17), 

The synthesis of dilithiotetraphenylplumbole 
1 was accomplished by the reduction of hexa- 


Dilithioplumbole: A Lead-Bearing 
Aromatic Cyclopentadienyl Analog 


Masaichi Saito,** Masafumi Sakaguchi,’ Tomoyuki Tajima,* Kazuya Ishimura,” 
Shigeru Nagase,? Masahiko Hada’ 


Although the concept of aromaticity has long played an important role in carbon chemistry, it has 
been unclear how applicable the stabilizing framework is to the heaviest elements. Here we 
report the synthesis of dilithiotetraphenylplumbole by reduction of hexaphenylplumbole. X-ray 
crystallography revealed a planar structure with no alternation of carbon-carbon bond lengths in 
the five-membered ring core. Nuclear magnetic resonance spectra and relativistic theoretical 
calculations show considerable aromatic character in the molecule, thus extending aromaticity 

to carbon’s heaviest congener. 


romaticity has been a fundamental chem- 
A ical concept since the discovery of ben- 
zene in 1825, and aromatic compounds 
have long played important roles in all fields of 


chemistry, The skeletons of most aromatic com- 
pounds consist of C atoms, and occasionally N, 


analogs of carbocyclic aromatic compounds such 
as benzene, naphthalene (/, 2), cyclopentadienyl 
anion (3-7), cyclobutadiene dianion (8), and 
cyclopropenyl cation (9-12) have recently been 
synthesized, in which one ring C is replaced by 
the congener. Most of these have considerable 


‘Department of Chemistry, Graduate School of Science and 
Engineering, Saitama University, Shimo-okubo, Sakura-ku, 
Saitama-city, Saitama, 338-8570 Japan. *Department of 
Theoretical Molecular and Computational Science, Institute for 
‘Molecular Science, Myodaiji, Okazaki, Aichi, 444-8585 Japan. 
*Department of Chemistry, Graduate School of Science and 
Engineering, Tokyo Metropolitan University, Minami-osawa, 


O, and the third-row elements S and more rarely 
P, To determine whether the heavier group-14 
elements could sustain aromaticity, Si and Ge 
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aromatic character, even though some of them 
have been judged nonaromatic because of their 
nonplanar structures. Most recently, dilithiostan- 
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phenylplumbole 2 (/8) with lithium in the pres- 
ence of a catalytic amount of naphthalene in ether 
at ~78°C; a byproduct, phenyllithium, was also 
formed (/9). After treatment of the reaction 
mixture with dimethoxyethane (DME), the 
phenyllithium fully decomposed, and dilithio- 
plumbole 1 was isolated in 78% yield (Fig. 1A). 
The molecular structure of dilithioplumbole 1 was 
established by x-ray crystallographic analysis 
(Fig. 1B), One Li atom is coordinated by the 
plumbole ring in an 9° fashion, whereas the 
other Li atom is coordinated by three DME 
molecules, Because the distance between the Pb 
and DME-solvated Li atoms is more than 10 A, 
the solvated Li atom has no interaction with the 
plumbole ring. The plumbole ring is planar with a 
539,8° sum of the intemal angles, The C-C dis- 
tances within the ring are almost equal [1.410(6), 
1.412(6), and 1,431(6) A], as was observed in the 
aromatic dilithiostannole, suggesting that dilithio- 
plumbole 1 has considerable aromatic character. In 
contrast, the C-C bonds of the starting plumbole 2 
differ [1,345(6), 1.354(5), and 1.522(5) A] (/8). 
The Pb-C bonds of 1 lengthen to 2.242(4) and 
2.265(5) A, compared with those of 2 [2.202(4) 
and 2.211(4) Al, resulting in a smaller C-Pb-C 
angle (75.97(17)°] than in 2 [82.41(14)°]. 

In the '“C nuclear magnetic resonance (NMR) 
spectrum of 1, a signal assignable to the a C was 
observed at 228 parts per million (ppm), which is a 
substantial downfield shift as compared with the 
corresponding resonance in 2 (154 ppm); whereas 
the BC of I resonated at 147 ppm, a slight upfield 
shift relative to 2 (153 ppm). This trend was also 
observed in the cases of other aromatic group-14 
dilithiometalloles (/3). In contrast, the resonance 
of the B C of lithiotriphenylplumbane, which is 
not aromatic, shifts downfield relative to the 
tetraphenyplumbane precursor (20). This NMR 
analysis also suggests that dilithioplumbole 1 has 
considerable aromatic character. Although the 
upfield resonance in the 7Li NMR spectrum is 
diagnostic of the aromatic ring current, the ’Li 
NMR signal of 1 was observed at —1.11 ppm, 
which is in the range of normal organolithium 
compounds, suggesting that rapid exchange of 
n°-coordinated and solvent-coordinated Li cations 
is occurring in solution. The 2°’Pb NMR signal 
of I was observed at 1712.8 ppm, remarkably 
downfield of the signal in the spectrum of 2 
(-24.5 ppm) (18). The corresponding shifts in 
the 2°’Pb NMR spectra of tetraphenylplumbane 
and lithiotriphenylplumbane are ~179 and 1060.1 
ppm, respectively (20). The downfield 7°’Pb shift 
of 1 relative to lithiotriphenylplumbane is prob- 
ably due to greater anionic character of the lead 
atom of 1 or some contribution of plumbylene 
character. A similar contribution of divalent char- 
acter in the dilithiometalloles has already been 
proposed (/3, 21). 

To gain more insight into the structure and 
electronic states of dilithioplumbole 1, theoretical 
culations were carried out (22). Because the 


c 
x-ray structural analysis of 1 revealed that one of 
the Li atoms is coordinated by the plumbole ring 


and the other is separated from the ring, geo- 
metric optimization of the dilithioplumbole 3 
was carried out at the B3LYP (23, 24) level with 
the second-order Douglas-Kroll-Hess scalar rela- 
tivistic term (25-27) (Fig. 2). The ANO-RCC 
basis set (28) was adopted for Pb. The [6s6pSdl/] 
functions were picked out from the original 
[Ils10p9d8/4g] functions, and each valence- 
contracted function was then split into three func- 
tions of trip! ta quality. Furthermore, the 
functions for 1s and 2p orbitals were doubly 
uncontracted to describe the relativistic correc- 
tion of the inner core region. A polarization d 
function was not added because the exponent 
was close to that of the uncontracted function 


[9s9p7d3/]. The 6-311G(2d) basis set (29) was 
used for Li atoms and for C and H atoms of the 
five-membered ring and those connected to the ring 
and the Li atoms, whereas the 6-31G basis set (30) 
was used for other C and H atoms. The optimized 
geometry of 3 was highly consistent with the x-ray 
structure of 1, The Pb-C(a), C(a)-C(B), and 
C(B)-C(B) bond distances were calculated to be 
(2.292, 2.304), (1,411, 1,429), and 1.452 A, respec- 
tively, The Pb-C(a) bonds of 1 were elongated as 
compared with those of 2, even though aroma- 
tization usually results in elongation and shorten- 
ing of the original double and single bonds, 
respectively. To understand this contradiction, 
geometric optimization of the model compounds 


described above. The final contraction form was CyH¢M, C4H4M, and CyH4M?" (M = Si, Ge, Sn, 
A 
Ph Ph Ph, Ph 
IN. Lifear. Naph DME IN. 
——_—____» 
Pr “py Ph E1,0 a 
* PhLi PhH Se 
PHO Ph —PhLi u% Li 


Fig. 1. (A) Preparation of dilithiotetraphenylplumbole 1. (B) ORTEP drawing of dilithiotetraphe- 
nylplumbole 1 with thermal ellipsoids plots drawn at 40% probability for non-H atoms. All H 
atoms were omitted for clarity. Selected bond lengths (angstroms) and angles (degrees) are as 
follows: Pb-C1, 2.242(4); Pb—C4, 2.265(5); C1—-C2, 1.410(6); C2—C3, 1.431(6); C3—C4, 1.412(6); 


and C1—Pb-C4, 75.99(17) 


Fig. 2. Comparison of 
the structures of 1-4DME 
and 3. 
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or Pb) was carried out at the B3LYP level using 
the LanL2DZ basis set (3/, 32) (Fig. 3). In the 
transition from CyH,Pb to CsH4Pb, which has a 
divalent Pb atom, the Po-C(a) bond lengthened 
from 2.175 to 2.256 A; whereas in the transition 
fiom C4HyPb to CyH4Pb* , the corresponding bond 
shortened to 2,240 A [2.242(4) and 2.265(5) A are 
the two Pb-C() bond lengths in 1]. The elongation 
of the Pb-C() bond from C3HgPb to CyHyPb can 
reasonably be attributed to an increase in the p 
character of the Pb~C(a.) bond caused by a lone pair 
on the Pb atom having more s character than the 
Pb-H bonds of CyHgPb. In contrast, the shorten- 
ing of the Pb~C(«) bond from CH,Pb to CyH,Pb* 

can be attributed to aromatic delocalization of the 
negative charges. This trend was also observed in 
all of the heavier group-14 metalloles, even though 


2 = ™ 
i = 7 
1.8894 1.9844 


A 
Ph. Ph 
MesBr / \ 
——> PhS py Ph 
Mes” “i 
4 (25%) 


the Si-C(a) bond of C,H,Si is comparable to that 
of C,H,Si? Fig. 3). 

NMR chemical shifts of dilithioplumbole 
1 were also calculated on the basis of the x-ray 
structure. Relativistic effects were found to be essen- 
tial for accurate calculations. When they were 
included, 'C(a) and *°7Pb chemical shifis of 
220.7 and 1655.9 ppm were calculated, which 
were highly consistent with the experimental 
values (228.33 and 1712.8 ppm, respectively). 
Under nonrelativistic conditions, the calculations 
yielded the considerably less accurate shifts 269.0 
and 38110.1 ppm. The Li nucleus above the 
aromatic plumbole ring was calculated to reso- 
nate about 4 ppm higher than the Li nucleus 
coordinated by three DME molecules. The ex- 
perimental Li NMR chemical shiftof—1.11 ppm 


H H 
A / Se 
Pt ork 
dH 2 i 
2.1284 2.175A 
i Lore 
2.196A 2256A 
sn Loe 


Fig. 4. (A) Reaction of 1 with bromomesitylene to afford lithiomesitylplumbole 4. (B) ORTEP drawing 
of lithiomesitylplumbole 4 with thermal ellipsoids plots drawn at 40% probability for non-H atoms. 
All H atoms were omitted for clarity. Selected bond lengths (angstroms) and angles (degrees) are as 
follows: Pb-C1, 2.320(5); Pb-C4, 2.306(5); C1-C2, 1.354(8); C2-C3, 1.498(8); C3-C4, 1.347(8); 


and C1-Pb-C4, 75.7(2). 
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was therefore suggestive of rapid exchange of the 
‘two inequivalent Li cations in solution. The con- 
siderably negative NICS(1) (33) value of a free 
plumbole anion was calculated to be-6.28 ppm, 
suggesting that dilithioplumbole 1 is also aromatic, 
as the other group-14 dilithiometalloles are. 

Dilithioplumbole 1 reacted with bromomesi- 
tylene to give lithiomesityltetraphenylplumbole 4 in 
25% yield (Fig. 4A) (/9). The ’’Pb NMR signal 
of 4 was observed at 1095.7 ppm, comparable to 
that of lithiotriphenylplumbane (1060.1 ppm) (/0). 
The structure of lithiomesitylplumbole 4 was 
established by x-ray diffraction analysis (Fig, 4B) 
afier crystallization with 12-crown-4. The Li atom 
is coordinated by two molecules of crown ether, 
and the distance between the Li and the Pb atoms. 
of more than 6 A suggests no interaction between 
them, The C-C bonds within the plumbole ring 
of 4 differ [1.347(8), 1.498(8), and 1.354(8) A]. 
The pyramidalization of the Pb center is clearly 
evident from the angle between the plumbole 
ring and the Pb-C(mesityl) bond of 103.4°. 
These geometric features clearly show that lithio- 
mesitylplumbole 4 is nonaromatic, even though 
the plumbole ring is planar with a sum of intemal 
angles of 539.8°. 

The present findings show decisively that 
2p(C) and 6p(Pb) orbitals can overlap sufficient- 
ly to create aromatic molecules. We believe that 
the present dilithioplumbole highlights the future 
possibility of introducing heavy elements includ- 
ing Pb into a broader range of C frameworks, 
providing compounds with structures and proper- 
ties that are applicable to catalytic and materials 
chemistry. 
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A Fast Soluble Carbon-Free Molecular 
Water Oxidation Catalyst Based on 


Abundant Metals 


Qiushi Yin,” Jeffrey Miles Tan,* Claire Besson,” Yurii V. Geletii,’ Djamaladdin G. Musaev,* 
Aleksey E. Kuznetsov,’ Zhen Luo,” Ken I. Hardcastle,* Craig L. Hill™* 


Traditional homogeneous water oxidation catalysts are plagued by instability under the 

reaction conditions. We report that the complex [Co4(H20)2(PWs03.)2]"", comprising a Co,O, 
core stabilized by oxidatively resistant polytungstate ligands, is a hydrolytically and oxidatively 
stable homogeneous water oxidation catalyst that self-assembles in water from salts of 
earth-abundant elements (Co, W, and P). With [Ru(bpy)s]°* (bpy is 2,2’-bipyridine) as the oxidant, 
we observe catalytic turnover frequencies for O2 production >5 s-* at pH = 8. The rate’s pH 
sensitivity reflects the pH dependence of the four-electron O2-H20 couple. Extensive spectroscopic, 


electrochemical, and inhibition studies firmly indicate that [Co,(H20)2(PW5034)2]>- 


is stable 


under catalytic turnover conditions: Neither hydrated cobalt ions nor cobalt hydroxide/oxide 


particles form in situ. 


come one of the most profound chal- 

lenges of the 21st century (/). Most of the 
world’s current energy supplies come from 
sunlight converted to chemical energy by plant 
photosynthesis, A central thrust of the current 
energy research focuses on artificial photo- 
‘2, 3). Despite the intense global 
is to develop viable abiological water 
splitting systems, breakthroughs are needed 
in selectivity, speed, and stability of all three 
operational units: the sensitizer for light ab- 
sorption and catalysts for water reduction and 
oxidation. Developing a viable water oxida- 
tion catalyst (WOC) has proven particularly 
challenging (4). An effective WOC must be 
fast: capable of water oxidation at a potential 


P=: renewable clean energy has be- 
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minimally above the thermodynamic value 
(H,0 — 03 + 4H” + 4e°; 1.229 — 0.059 « pH 
at 25°C); and, critically, stable to air, water, 
and heat (oxidative, hydrolytic, and thermal 
stability). There are many research groups 


working on heterogeneous and homogeneous 
WOCs. Heterogeneous WOCs generally have 


the advantages of low cos! of interface 
with electrode sys ly, oxidative 
stability; but they are harder to study and thus 
optimize than homogencous catalysts, and 
they tend to deactivate by surface poisoning or 
aggregation (5-9). Recently, Kanan and Nocera 
reported a robust heterogeneous WOC based 
on earth-abundant cobalt and phosphate (8), 
after earlier work by Creutz and Sutin (/0), and 
demonstrated self-assembly under turnover 
conditions, a key to self-repair (//). More re- 
cently, the groups of Mallouk (9) and Frei (/2) 
reported high catalytic water oxidation rates 
by using colloidal IrO,:nH,0 particles and 
CoxOy (spinel) particles, respectively. In con- 
trast, homogencous WOCs are more amenable 
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to spectroscopic, crystallographic, physicochem- 
ical, and computational investigation and thus 
more readily optimized. In addition, each in- 
dividual molecule of a homogeneous catalyst 
is, in principle, capable of doing chemistry (a 
cost issue when precious metals such as Ru 
are involved). However, nearly all homoge- 
neous catalysts contain organic ligands that 
are thermodynamically unstable with respect 
to oxidative degradation. As a result, all ho- 
mogenous WOCs with organic ligands reported 
to date are oxidatively deactivated (/3-23). A 


Fig. 1. X-ray structure of Nayo-1 in combined 
polyhedral ([PW,034] ligands) and ball-and-stick 
(Co401¢ core) notation. Co atoms are purple; 
0/OH,(terminal), red; PO,, orange tetrahedra; and 
WO,, gray octahedra. Hydrogen atoms, water 
molecules, and sodium cations are omitted for clarity. 
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general goal is to realize WOCs that have the 
stability, durability, and accessibility of hetero- 
geneous metal oxide catalysts with the activity, 
selectivity, and tunability of homogeneous cat- 
alysts. To this end, a homogencous polyoxomet- 
alate (POM) WOC with oxidatively resistant 
polytungstate units multiply ligating a RuyO, core 
was recently reported (24-26). This WOC is as 
fast as reported homogeneous catalysts contain- 
ing organic ligands, but Ru is neither abundant 
nor inexpensive and thus very likely prohibitive 
for use on a realistic scale. Therefore, discovery 
of ible and fast homogenous WOC, without 
organic ligands, based on earth-abundant elements 
would be highly useful. 

We report here a homogeneous catalyst, B-type 
[Co4(H20)3(a-PWo03,)2]'° (1), that is free of 
carbon-based ligands (Fig. 1). It is easily pre- 
pared from readily available salts and oxides of 
earth-abundant elements (Co, W, and P). To 
explore POM-stabilized multi-Co-oxide clus- 
ters as WOCs, we used the relatively strong 
and stable stoichiometric oxidant, tris(2,2’- 
bipyridy!)triperchlororuthenium(II1), (henceforth 
[Ru(bpy)3}"; Eq. 1). The oxygen yield was moni- 


tored with gas chromatography by withdrawing 
gas samples from the reaction vessel headspace 
(24,27). 


4[Ru(bpy),)°* +2 Ho YS 


4 [Ru(bpy),)°* +4 H* +02 (1) 


We examined eight cobalt-containing POMs 
as WOCs (Table 1). Only [Co4(H30);(a- 
PWo034)2]'” (1) was active. Cyclic voltammet- 
ry of | mM 1 shows a large catalytic current 
with a low overpotential for the water oxida- 
tion (Fig. 2A). This characteristic feature is not 
observed for complexes 2 through 8. Close 
examination of the studied complexes reveals 
that all cobalt-containing POMs have different 
cobalt-core structures than 1, with the excep- 
tion of [Cos(H0),(P2W)sOse)s]'° (2) (fig. S11). 
However, 2 was synthesized and crystallized 
ata much lower pH than 1 and is also known to 
be unstable under our catalytic conditions (pH = 
7.5 to 8.0) (28). The total yield of oxygen is 
always less than 100% based on oxidant be- 
cause of competing bipyridy! ligand oxidation 


Table 1. Catalytic water oxidation by soluble POM systems. Reactions were run in 30 mM NaPi buffer, 
initial pH = 8.0, 1.5 mM [Ru(bpy);](ClO,)3, and ambient temperature. bpy is 2,2'-bipyridine, and O2 


yield = "+ 100. 
Complex bpy 0; yield 
Compe concentration (mM) (mM) i (%) 
[Co,(Hz0).(PW.054)2]*° (1) 0.0032 0.06 75 64 
[Co4(H,0).(P2W1sOse)2]*° (2) 0.0064 0.06 t) 0 
[co(Hiz0)PW;0.9] (3) 0.0064 0.06 0 0 
[co(Hz0)SiW 3059] (4) 0.0064 0.06 0 0 
[Co3(Hz0)3(PW5034)21"?- (5) 0.0064 0.06 0 0 
[Co3(H20)5SiW,037]*° (6) 0.0064 0.06 0 0 
[WCo3(H0),(CoW,034)21** (7) 0.0064 0.06 0 0 
[Cox(H,0) (OH) P2W2sOoq]"* (8) 0.0064 0.06 t) t) 
Ao B 
2 C) 
= «40 = 
3 4 3s 
i i 
-10 
6 -100 6 
~120 
15 
-140 
1200 1000 800 600 400 20 oO 1200 
Potential (mV) 


Fig. 2. (A) Cyclic voltammogram (CV) of 50 mM sodium phosphate solution 
at pH = 8 without 1 (black) and with 1 mM 1 (red). (B) CV of aqueous 0.857 
mM [Ru(bpy)]** alone (red), 3.2 uM 1 alone (black), 0.857 mM [Ru(bpy)3]°* 
combined with 3.2 uM 1 (green) or 1.6 uM 1 (yellow), and a postreaction 
solution in which initially dissolved 0.857 mM [Ru(bpy)3]°* was reduced 
through water oxidation catalyzed by 3.2 1M 1 (blue). The series of CVs for 


www.sciencemag.org SCIENCE VOL 328 


electrode. 


REPORTS I 


(10). A first-order hyperbolic fit of the O3 yield 
to the concentration of 1 is consistent with this 
description (fig. $1). 

The tumover frequency (TOF) for 1 (Eq. 1) 
at pH = 8 was >5 s ', which compares well to 
the 0.9 s! observed for the [Cp*(Cl)In(ppy)] 
(where Cp* is 1,2,3,4,5-pentamethyleyclo- 
pentadiene and ppy is 2-phenylpyridine) WOC 
recently reported by Brudvig, Crabiree, and co- 
workers (22). The rate of water oxidation cata- 
lyzed by 1 is highly sensitive to pH. Increasing 
pH from the initial value of 7.5 to 8.0 (sodium 
phosphate buffer, NaPi) decreased the reaction 
time from 270 s to 90 s (respective final pH 
values after reaction are 7.3 and 7.5). The 
reaction was faster still in a solution with a 
higher buffer capacity at pH = 8.0 (a mixture of 
30 mM NaPi and 30 mM sodium borate buffer: 
final pH > 7.9). With 1.2 x 10 mM 1 and 2.4mM 
[Ru(bpy)]**, we obtained a tumover number 
(TON, No2/Mcatiyst) ~ 10° in under 3 min, Accord- 
ingly, the apparent TON also increases sharply at 
higher pH because of the faster rate of water 
oxidation. TON is limited by the concentration of 
the [Ru(bpy)s}°*, which, in tum, is limited by the 
formation of an insoluble adduct between 1 and 
[Rubpy)sf"*. 

As noted above, the cobalt-containing POM, 
1, is undemanding to synthesize. We prepared it 
in over 35% yield in a one-pot equilibration 
synthesis, as first reported by Weakley e¢ al., 
that entailed simply heating Co’, phosphate, 
and tungstate in a 2:1:9 ratio in water at reflux 
(29). This synthesis of 1 defines a mechanism 
for self-repair, a strategy used in our previous 
work (//) and in the recent work by Kanan and 
Nocera on their heterogeneous cobalt phosphate 
catalyst (8). Homogencous catalysts like 1 use 
discrete molecules in solution for turnover as 
opposed to only select sites on the surface of 
most heterogeneous catalysts, This is a likely 


1100 1000 
Potential (mV) 


OM 1 (red), 1.6 1M 1 (yellow), and 3.2 1M 1 (green) added to 0.857 mM 
[Ru(bpy);]** shows increasing anodic current and decreasing cathodic cur- 
rent, demonstrating the correlation between increasing catalytic current and 
‘the concentration of 1. Conditions are as follows: 60 mM NaPi, pH = 8, scan 
rate 25 mV s~; potentials measured and reported versus an Ag/AgCl reference 
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factor in a far higher observed efficiency of cata- 
lytic water oxidation per cobalt atom in the case 
of 1 relative to the heterogeneous cobalt phos- 
phate catalyst. 

‘Aqueous cobalt ions and cobalt hydroxide/ 
oxides that form in situ from the former are both 
known to be WOCs (6, 8, /0). Thus, we now 
describe seven lines of experimental evidence 
that 1 is a stable molecular WOC under tumover 
conditions and does not form either aqueous 
cobalt ions or cobalt hydroxide/oxide. The first 
two arguments are that no changes are observed 
in either the ultraviolet and visible absorption 
(UV-Vis) or the *'P nuclear magnetic resonance 
(NMR) spectra of a solution of 1 at pH = 8 (the 
pH in the catalytic experiments) over a 1-month 
period (figs. S3 and S4C), UV-Vis and *'P NMR 
spectra also both establish that 1 is stable for at 
east I day within the pH range of 3.5 to9 (fig. S4). 

The third experimental probe of the stability 
of 1 involved selective catalyst poisoning ex- 
periments using 2,2'-bipyridine (bpy) as an 
inhibitor (fig, $2). Bpy reacts with Co(ag)* to 
form [Co(bpy)sF* (30), inhibiting all water 
oxidation activity. In contrast, the addition of 
the same molar excess of bpy to solutions of 
1 has a relatively minor effect on the apparent 
water oxidation activity (Table 2). The observed 
slight decrease in activity can be attributed to 
bpy competitively coordinating to the cobalt 
core of 1 or the irreversible oxidative degrada- 
tion of bpy, which is proportional to the bpy 
concentration. Similarly, aging 1 under reaction 
conditions for 3 days had no effect on its cata- 
lytic water oxidation activity (Table 2), whereas 
aging Co(NO3)> under the same conditions for 3 
days substantially decreased its catalytic activity. 
This observation tracks with well-known cobalt 
hydroxide/oxide formation above neutral pH 


(31), decreasing the effective surface area and 
catalytic activity. In addition, at pH = 6.2, no 
water oxidation was observed for reactions 
catalyzed by 1, whereas Co(NO3)) was still 
capable of catalyzing a small extent of water 
oxidation (Table 2), These results are consistent 
with 1 being the catalytically active species and 
its polydentate polytungstate ligands preventing 
formation of cobalt hydroxide/oxide particles. 
For our fourth probe of the stability of 1, we 
characterized the postreaction solution contain- 
ing 1 by using *!P NMR despite the low solu- 
bility of 1 in the presence of excess [Ru(bpy)s}". 
When [1] = 0.015 mM, as few as 40 equiva- 
lents of [Ru(bpy)s]°"" (corresponding to a TON 
of eight to nine) made the postreaction solu- 
tion supersaturated, as indicated by the for- 
mation of a light yellow precipitate that forms 
in minutes to hours. To prevent precipitation, 
we removed [Ru(bpy)s]”” from the postreac- 
tion solution by adding NaBPh, and removing 
id 4 [Rutbpy)sIIBPhs}e & y filtration. In the 
NMR spectrum of this solution, 1 [1850 parts 
per mln full width at half maximum (Avy/2) = 
600 Hz] was the only species detected besides 
the free phosphate originating from the buffer 
solution, indicating that 1 remains intact under 
catalytic water oxidation conditions (fig. $5). 
The fifth and sixth experimental probes of the 
stability of 1 involved IR characterization and 
reuse of the WOC after an initial catalytic run, 
which we carried out under conditions scaled up 
by a factor of 19 relative to run 1 in Table 2. After 
the reaction was complete, we saturated the solu- 
tion with [Ru(bpy);F”, which acts as a counterion 
for complex 1, resulting in its precipitation. The 
infrared spectrum of the precipitate showed the 
characteristic peaks of 1, a B-type sandwich 
polytungstate, [Co4(H20)(PWsO34)2]"°, 


Table 2. The effect of bpy on the catalytic water oxidation activity of 1 and Co(aq)**. Dashed entry 


indicates not applicable. 


Complex 0> yield 
Run Complex concentration bpy (mm) Buffer TON 2 ve 
(nt o 
1 1 0.0032 0 pH = 8 NaPi 78.1 66.7 
2 1 0.0032 0.3012 pH = 8 NaPi 56 48 
3 Co(NOs)2 0.013" 0.3012 pH = 8 NaPi 0 0 
4 Co(NOs)2 0.060t 0.3012 pH = 8 NaPi 0.2 <4 
5 Co(NOs)2 0.013 0 pH = 8 NaPi 23.4 80 
6 No catalyst - 0) pH = 8 NaPi 0 0 
7 1 0.0032 0 pH = 6.2 0 0 
NaPi/phthalic acidt 
8 Co(NO;), 0.013 0 pH = 6.2 10 35 
NaPi/phthalic acid 
9 1 0.0032 0.135 pH = 8 NaPi 70.3 60 
10 1 (aged)* 0.0032 0.135 pH = 8 NaPi 712 60.8 
1 Co(NOs), 0.013 0 pH = 8 NaPi 98 33.6 
(aged)* 
12 coo!" 0.0032 0 pH = 8 NaPi 0 0 


Same theoretical cobalt concentration as 0.0032 mM 1. Same solid mass as 0.0032 mM 1. A mixed buffer of 30 mM 


NaPi and 30 mM phthalic acid at pH = 6.2 was used. 
before use. 


A 1 mM stock solution in 30 mM pH = 8 NaPi was left for 72 hours 
IINot soluble, suspension obtained after 10 min of sonication. 


1037, 939, 882, and 767 cm! (fig. S6), 
indicating that the POM framework remains 
intact after catalysis. For simplicity, we assumed 
a 1:1 ratio of the [Ru(bpy);F* and 1 in the 
precipitate and assigned the molecular formula of 
the precipitate to be NagRu(bpy)s-1. Applying 
the corresponding molecular weight, we used 
~0,0032 mM NagRu(bpy)y1 as catalyst in the 
reaction of [Ru(bpy)3]°” with water in pH = 8 
NaPi buffer in the presence of bpy. This 
reaction gave an Op yield of 49.3% and a 
TON of 58 per 1, exactly reproducing the activity 
of pure crystalline Nayg-I (run 2, Table 2). 

The seventh argument for the stability of 
1 during catalysis is voltammetric behavior dem- 
onstrating that catalytic activity of the active 
species is retained after tumover. Specifically, we 
document an electrochemical-chemical mecha- 
nism involving 1: in absence of 1, a conventional 
voltammogram was observed for the [Ru(bpy);]°"/ 
[Ru(bpy);]*’ couple; however, upon addition 
of 1, an increased anodic current peak and a de- 
creased cathodic current peak were observed 
for this couple (Fig. 2B). This indicates the 
rapid reduction of [Ru(bpy)s}** by 1 followed 
by reduction of the oxidized 1 by water. The 
observed catalytic current increased with cata- 
lyst concentration (24). In addition, Fig. 2B com- 
pares the current for a freshly prepared solution 
of [Ru(bpy)3]”" and 1 (green line) with that fora 
solution that has already undergone catalytic 
chemical reduction of an equivalent amount 
of [Ru(bpy);]*” by 1 (blue line). These two 
catalytic currents match, implying that there is 
no evident catalyst deactivation and that the 
concentration of 1 remains constant afler catal- 
ysis. In contrast, the same cyclic voltammetric 
experiment using Co(NOs), in place of 1 showed a 
marked decrease in the catalytic water oxidation 
current for the solution after chemical water oxida- 
tion when compared with that of an analogous 
solution containing unreacted [Ru(bpy)s}°* and 
Co(NOs)> (fig. $7). Once again, this finding is 
consistent with aqueous cobalt hydrolyzing and 
condensing to hydroxide/oxide particles under oxi- 
dative conditions, decreasing the effective catalyst 
concentration. 

Computational studies of the electronic struc~ 
ture of 1 provide additional support for the 
oxidative stability of the polytungstate ligands. 
The four highest occupied molecular orbitals 
(HOMOs) of a high-spin ground state 1 are 
mostly cobalt core orbitals, and there is almost 
no involvement of tungstate orbitals (fig. $8). 
These findings indicate that the polytungstate 
ligands are unlikely to participate in the water 
oxidation reaction and should be effectively inert 
under catalytic conditions. 

Our reporting of this catalyst establishes d- 
electron-transition metal oxide clusters stabilized 
by robust polydentate POM ligands as a com- 
pelling class of self-assembling inorganic com- 
plexes capable of catalyzing fast water oxidation 
in a homogeneous medium. This prompts the 
examination of other POM-stabilized multi- 
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transition-metal oxide cluster molecules involy- 
ing both other metals (e.g., Fe and Mn) and new 
POM ligands as candidate WOCs. Moreover, 
the identification of a molecular Co-based WOC 
may allow further investigation of its mecha- 
nism of action, providing a basis for the under- 
standing of Co-based water oxidation catalys 
in general. In addition, 1 may serve as a template 
for future optimizations of all-inorganic WOCs 
as well as their incorporation into water splitting 
systems. No photosensitizers were used in this 
report, Although [Ru(bpy)s]*" was used as a 
stoichiometric oxidant in this study in order to 
demonstrate the water oxidation activity of 1, 
it is ultimately desirable to use solar power to 
complish water oxidation. The apparently 
straightforward use of [Ru(bpy);}°* as a photo- 
sensitizer, however, might not be optimal given 
the oxidative instability of this complex. 
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Oxoboryl Complexes: Boron-Oxygen 
Triple Bonds Stabilized in the 
Coordination Sphere of Platinum 


Holger Braunschweig,* Krzysztof Radacki, Achim Schneider 


Monomeric oxoboranes have hitherto been detected only as short-lived species in gas-phase or 
low-temperature matrix experiments. Here, we report formation of the oxoboryl complex 
trans-[(Cy3P)2BrPt(B=0)] (Cy being cyclohexyl) by means of reversible liberation of 
trimethylsilylbromide from the boron—bromine oxidative addition product of dibromo 
(trimethylsiloxy)borane and [Pt(PCy3)2] in room-temperature toluene solution. The platinum 
complex is inert toward oligomerization, even under photolytic conditions and at elevated 
temperatures. The bromide was substituted by thiophenolate, and spectral parameters of both 
products as well as results of computational and x-ray diffraction studies are in agreement with the 
formulation of a triple bond between boron and oxygen. The boron—oxygen distance of 120.5(7) 
picometers shows a bond shortening of 7.2% as compared with a double bond, which is similar 
to the shortening observed in carbon—carbon analogs. 


he element boron is popularly known for 
| its unique propensity to participate in mul- 
ticenter bonds to compensate its intrinsic 
clectron-deficiency. Thus, various structural mo- 
tifs have been described that exhibit boron with 
coordination numbers higher than its actual va- 
lency (/). However, not least because of the im- 
portance of boranes in organic syntheses (2) the 
chemistry of boron-containing compounds fea- 
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turing exclusively classical, electron-precise bonds 
has been established during the last century, and 
therefore examples with tricoordinate boron like- 
wise are plentiful. Though species with dicoordi- 
nate boron are considerably more unusual, different 
strategies to prepare and stabilize those compounds 
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Since boroxine (HsB;0s) could be identified 
as the product of highly energetic reactions of 
different temary systems (9), numerous attempts 
have been undertaken to synthesize its mono- 
meric counterparts, namely oxoboranes (XBOs). 
However, those species could be detected only 
in either gas-phase (/0-/3) or low-temperature 
matrix isolation studies (/4-/9). Further evi- 
dence for the existence of those compounds was 
obtained through different trapping experiments 
(20-22) or nuclear magnetic resonance (NMR) 
spectroscopic observation of the corresponding 
Lewis base adduct (22), Microwave (//) and in 
frared (IR) data (/4—19) suggest a very strong 
linkage of boron and oxygen; because of the simi- 
larity of the photoelectron spectrum of HyCBO 
with the isoelectronic HyCCN molecule (/2, /3), 
the B-O linkage was described by a triple bond. 
Nevertheless, probably because of the polar na- 
ture of this bond, the highly reactive monomers 
readily undergo cyclooligomerization even at tem- 
peratures of approximately 50 K (/9, 23) and 
an x-ray structural elucidation could not be 
performed. 

Commonly, kinetic lability of low-valent spe- 
cies can be compensated by use of bulky substit- 
uents that inhibit bimolecular attack, as was 
successfully demonstrated by the preparation of 
a stable disilyne (24). In contrast, XBOs contain- 
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Scheme 1. Preparation of trans-[(Cy3P)2BrPt(BO)] (2). 


16 APRIL 2010 


345 


i] REPORTS 


346 


ing sterically demanding substituents were shown 
to undergo intramolecular stabilization reactions 
instead (2/, 25), Only drastic modifications in 
not just steric parameters but rather fundamental 
electronics led to a stable and isolable derivative 
of an XBO (26). Hence, combination of a Lewis 
acid coordinated to oxygen and a backbone struc- 
ture additionally stabilizing the boron center re- 
duced the bond order, and the boron-oxygen 
linkage was characterized as a double bond, 
Recently, synthesis of the previously clusive 
iminoboryl complexes [LyM-B=N-R] under re- 
markably mild reaction conditions, and their inert- 
ness toward cyclooligomerization, demonstrated 
the stabilizing effect that late-transition-metal frag- 
ments can exert on low-coordinate boron cen- 
ters (27-29). Furthermore, theoretical calculations 
predicted the anionic BO” ligand to be an elec- 
tronically complementary isolobal alternative to 
the CO ligand, exhibiting extraordinarily strong 
o-donating abilities and correspondingly poor 
n-acceptor properties (30), Thus, generation of the 
B=O triple bond in the coordination sphere of a 
transition metal appeared to be a promising ap- 
proach. The starting material suitable for this pur 
pose, Br,BOSiMe;, has been noted to be unstable 
(37); however, when prepared in dilute toluene 
solution it can be handled and stored for several 
months without any signs of decomposition. 
‘Analysis by means of multinuclear NMR 
spectroscopy of the reaction mixture prepared 
by mixing toluene solutions of Br2BOSiMe; and 
[P(PCys)s] (Cy being cyclohexyl) at room tem- 
perature reveals immediate consumption of the 
starting materials and initial formation of one 
product (32). Phosphorus (*'P) NMR data [21.2 
parts per million (ppm), 'Jp.p = 2777 Hz] are 
indicative of a platinum(I) boryl complex fea- 


turing a tricoordinate boron center (33-36) and 
thus were assigned to the boryl complex srans- 
[(Cy3P),BrPt}B(BrOSiMe;}] (1) obtained by B-Br 
oxidative addition of the borane to platinum 
(Scheme 1). In the further course of the reaction, 
liberation of BrSiMe; can be observed with proton 
NMR spectroscopy, and the signals assigned to 
1 gradually decrease. Likewise, *'P NMR spectros- 
copy indicates predominant formation of another 
new phosphorus-containing product (32.5 ppm, 
‘Ip.p = 2294 Hz), which could be isolated and 
fully characterized as trans-[(Cy3P)2BrPt(BO)] 
(2), Because of the large peak width at half height, 
the ''B NMR resonance of the product (17 ppm) 
can be detected only in solutions with a concentra- 
tion of more than approximately 0.3 M and appears 
upfield of the starting borane Br;BOSiMe; (21 ppm) 
and boryl species 1 (32 ppm) resonances, At room 
temperature, the reaction reaches a stationary point, 
with the two reaction products 1 and 2 in a ratio of 
approximately 1:4 However, repeated removal of 
all volatile components in high vacuum at ambient 
temperature and redissolution of the residue af- 
fords complete conversion of 1 to 2. These find- 
ings suggest that the liberation of bromosilane is a 
reversible process. To validate this result, pure 2 
was reacted portion-wise with BrSiMe;, and suc- 
cessive formation of increasing amounts of 1 can 
be observed spectroscopically. In fact, the pres- 
ence of a large excess of bromosilane enables the 
NMR spectroscopic characterization of 1. 
Recrystallization of 2 from varying solvents 
(such as hexane, toluene, tetrahydrofuran, and 
mixtures thereof) gave several single crystals 
suitable for x-ray diffraction studies, which ex- 
hibited different crystallographic space groups 
and in some cases contained co-crystallized sol- 
vent molecules. However, structural parameters 
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Fig. 1. X-ray molecular structure of trans-{(Cy3P)2BrPt(BO)] (2) (left) and x-MOs of the model complex 
trans-[(Me3P)2BrPt(BO)] (2) (right). The bond lengths and angles of 2 are not fully reliable because of 
the disorder indicated by the white ellipsoids. Thermal ellipsoids are represented at the 50% probability 
level. Hydrogen atoms and ellipsoids of the carbon atoms of 2 are omitted for clarity. 


Scheme 2. Preparation of trans- 
[(Cy3P)2(PhS)Pt(BO)] (3). 
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of the crystallographic data are not fully reliable 
because of massive disorder of the two anionic 
ligands in all cases. Nevertheless, the obtained mo- 
lecular structures leave no doubt of the consti- 
tutional composition of compound 2: an oxoboryl 
ligand coordinated terminally via boron to the 
metal center (Fig. 1, left), More specific informa- 
tion on the linkage between boron and oxygen 
could be obtained by means of IR spectroscopy. 
Complex 2 shows two absorption bands (1853 
and 1797 cm‘), which because of intensities 
and relative position can be assigned to the BO 
stretching vibrations of the two boron isotopo- 
logues. The values are in good agreement with 
the vibrational spectra of oxoboryl species ob- 
served in matrix studies (/4—/9), suggesting that 
complex 2 should exhibit a similar bonding sit- 
uation, In marked contrast to the matrix-isolated 
compounds, however, is the unusual thermal sta- 
bility of the oxobory! moiety in 2. A solution of 
2 in benzene-Dg did not show any evidence of 
oligomerization or decomposition after 24 hours 
of heating to 100°C or irradiation with a Hg/Xe 
arc lamp, respectively. 

To understand this remarkable stability of 2 
and investigate the nature of the linkage be- 
tween boron and oxygen in more detail, density 
functional theory (DFT) studies at the B3LYP 
level of theory were performed on the slightly 
simplified complex érans-{(Me3P);BrP(BO)] (2/). 
The calculations reproduced the IR data well (the 
calculated values were 1886 and 1828 cm '), and 
the natural resonance theory (NRT) bond index 
of 2.83 in combination with the short calculated 
interatomic distance between boron and oxygen 
(122.6 pm) are in full agreement with the for- 
mulation ofa triple bond. Detailed analyses of the 
molecular orbitals (MOs) inter alia revealed bond- 


Fig. 2. Molecular structure of trans-{(Cy3P).(PhS)Pt(BO)] 
(3) * 2 CHCl. Thermal ellipsoids are represented at 
the 50% probability level. Hydrogen atoms, solvent 
molecules and ellipsoids of the cyclohexyl carbon 
atoms are omitted for clarity. Selected Bond lengths 
(pm) and angles (°): B~O 121.0(3), Pt-B 198.3(3), 
Pt-S 241.06(6); Pt-B-O 177.3(2), B-Pt-P1 87.75(8), 
B-Pt-P2 86.80(8), B-Pt-S 171.3(2), Pt-S—C 1113308). 
Estimated standard deviations are given in parentheses. 
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ing interactions that can be described essentially 
as two n-bonds (Fig. 1, right). Those MOs are 
localized slightly more on oxygen than on boron, 
reflecting the polar nature of this interaction. Ad- 
ditionally, they show substantial stabilizing con- 
tributions of the symmetry-equivalent d-orbitals 
of platinum, 

Further evidence for the remarkable stability 
of the oxobory! moiety in the coordination sphere 
of platinum was the clean reaction of 2 with 
[Bu,N]SPh (Ph being phenyl), as was evinced by 
means of NMR spectroscopy. The product fea- 
tures spectroscopic parameters very similar to 
those of the starting complex, and in particular IR 
data (1849 and 1793 cm') indicate only minor 
influence of the grans ligand substitution on the 
oxoboryl moiety. As evidenced with x-ray analyses, 
the thiolate anion does not affect the boron center 
but instead reacts through substitution of the bro- 
mide ligand, yielding sans-{(CysP),(PhS)P(BO)] 
(3) (Scheme 2), which could be isolated in 62% 
yield. 

The solid structure of 3 (Fig. 2) exhibits an 
almost square-planar geometry at platinum (sum 
of bond angles of 359.1°); however, the phos- 
phine ligands are bent slightly toward the oxoboryl 
moiety [<p-p-p = 87.75(8) and 86.80(8)°, re- 
spectively, the numbers in parentheses being the 
estimated SD]. The latter is coordinated to plati- 
num terminally via the boron atom [<p-s-o = 
177.3(2)’], reflecting its sp-hybridization. The Pt-B 
distance [198.3(3) pm] is slightly longer than in 
the corresponding iminoboryl complex trans- 
[(CysP)(BA)PUBNSiMe5)] [196.0(3) pm] (27, 2 
but in the typical range of classical boryl com- 
plexes of platinum with trivalent boron atoms 
trans to a bromide [196.3(6)-209.(3) pm] (35). 
The B-O bond length of 121.0(3) pm in 3 is 
slightly smaller than the value obtained for 2’ from 
DFT calculations and statistically indistinguish- 
able from the distance calculated from microwave 
data of gaseous HBO [120.04(3) pm] (//). How- 
ever, it is considerably smaller than the B-O 
double bond in the coordinated XBO [130.4(2) 
pm] (26). The observed bond shortening of 7.2% 
is only slightly smaller than the corresponding 
difference between alkynes and alkenes (9.9%) 
(37), providing further evidence of the presence 
of a triple bond between boron and oxygen, 

Our approach of generating unusual ligand 
systems in the coordination sphere of transition 
metals has enabled us to access the previously elu- 
sive boron monoxide moiety. In marked contrast 
to main group-substituted XBOs, which are high- 
energy intermediates, compound 2 exhibits a re- 
markable thermal and light stability. Despite the 
stabilizing effect that the platinum fragment ex- 
erts on the oxobory! moiety, we realized interest- 
ing reaction chemistry on both the BO ligand 
itself and on the metal center. Hence, the bromide 
ligand undergoes clean metathesis with the thio- 
phenolate anion, leaving the BO ligand intact, 
whereas trimethyl(bromo)silane adds reversibly 
to the BO ligand. We anticipate a diverse range of 
further reactivity along both lines. 
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A Younger Age for ALH84001 and Its 
Geochemical Link to Shergottite 


Sources in Mars 


T. ]. Lapen,?* M. Righter,” A. D. Brandon, V. Debaille,? B. L. Beard,** J. T. Shafer,” A. H. Pestier®® 


Martian meteorite ALH84001 (ALH) is the oldest known igneous rock from Mars and has been used 
to constrain its early history. Lutetium-hafnium (Lu-Hf) isotope data for ALH indicate an igneous 
age of 4.091 + 0.030 billion years, nearly coeval with an interval of heavy bombardment and 
cessation of the martian core dynamo and magnetic field. The calculated Lu/Hf and Sm/Nd 
(samarium/neodymium) ratios of the ALH parental magma source indicate that it must have 
undergone extensive igneous processing associated with the crystallization of a deep magma 
ocean. This same mantle source region also produced the shergottite magmas (dated 150 to 
570 million years ago), possibly indicating uniform igneous processes in Mars for nearly 


4 billion years. 


unique in having an igneous crystalliza- 

tion age more than 2 billion years older 
than any other martian meteorite (7-1), pro- 
viding critical timing constraints on the formation 
of Mars. Its igneous crystallization age has been 
difficult to determine because of its complex 
postcrystallization history of aqueous alteration 
and shock metamorphism (/2, 13). Although 
crystallization ages obtained on ALH range 
from 3.9 to 4.56 billion years ago (Ga) (/-/0), the 


T= orthopyroxene cumulate ALH84001 is 


weighted average of Rb-Sr and Sm-Nd isotope 
data (2) yield a generally accepted age of 4.51 + 
0.11 Ga (all errors are +2) (//). This age has 
important implications for the formation his- 
tory of martian crust and mantle, crater chronol- 
ogy, and the onset of the Mars magnetic field. 
An age of 4.51 + 0.11 Ga requires that a stable 
crust existed very early in Mars’ history, not 
long after the onset of solar system formation at 
4.568 Ga (14). If ALH represents crustal ma- 
terial formed at 4.51 Ga, then this crust must 
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have survived a period of intense bombard- 
ment between 4.25 and 4.10 Ga (15, 16), sim- 
ilar to the late heavy bombardment or terminal 
lunar cataclysm on the Moon, without suffer- 
ing the intense brecciation observed in prebom- 
bardment lunar rocks. A further implication of 
this age is the potential presence of a magnetic 
field and core convection in Mars 27 to 48 million 
years after core formation (/7, /8). In order to 
better refine the timing of these events and to 
evaluate potential magmatic source affinities, we 
applied '°Lu-!°Hf and 4!47Sm-!"8Nd chro- 
nometry to ALH. 

ALH is an igneous cumulate rock that has 
been affected by shock-induced metamorphism 
and precipitation of secondary phases including 
carbonate and magnetite (3, 19). ALH is com- 
posed of mosaic-grained orthopyroxene (~97 
vol %) crystals, 4 to 5 mm in diameter, that 
enclose euhedral to subhedral chromite (~2 vol %) 
locally preserved as clasts within recrystallized 
granular bands, Interstitial to the mosaic-grained 
orthopyroxene are chromite, maskelynite, phos- 
phate (apatite and merrillite), augite, olivine, and 
SiO, (which total ~1 vol %). The 3.6 g of ALH 
used in this study (sample allocations ALH84001, 
365 and ALH84001, 403) have an exceptionally 
well-preserved igneous texture with no optical 
evidence of secondary phases and minimal (5 to 
10 vol %) granular banding. One portion was sep- 
arated into oxide (~100% chromite, sample SI) 
and nearly pure orthopyroxene-rich (sample S2) 
fractions. Two other fractions—representing the 
bulk rock (sample $3) and a bulk fraction after 
chromite removal (sample S4)—are from the 
disaggregated and processed material of this 
portion. A second portion was leached with 2.5 
M HCI, resulting in a leachate-residue pair 
(samples L1 and R1) that was analyzed for 
'87Sm-'45Nd. A third portion was crushed into a 
powder for high-precision '’Nd/'Nd analysis. 
Sample preparation, chemical separation, and ana- 
lytical procedures are described in (20). 

A'Lu-' Hf isochron age of 4.091 + 0.030 Ga 
for ALH is defined by samples $1 to S4 (Fig. 1). 
This age is consistent with 7°’Pb-*Pb ages of 
4.074 + 0,099 Ga (4) and 4.135 + 0.012 Ga (5) 
and a U-Pb age of 4.117 + 0.003 Ga (5), The Lu- 
Hf age is substantially younger than the respec- 
tive Sm-Nd and Rb-Sr ages of 4.50 + 0.13 Ga 
and 4,55 + 0.30 Ga (2, //). The measured Lu-Hf, 
Pb-Pb, and U-Pb ages are similar to but slightly 
older than the respective Rb-Sr and Pb-Pb ages of 
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secondary carbonate phases, 3.90 + 0.04 Ga and 
4.04 + 0.10 Ga (9), as well as the U-Pb age of 
whitlockite and apatite, 4.018 + 0.081 Ga (0). 
The *’Ar-*°Ar ages of 3.92 + 0.10 Ga and 4.1 + 
0.2 Ga (6, 8) are similar to the Lu-Hf age, but 
shock disturbances, trapped atmospheric compo- 
nents, and *”Ar recoil make comparisons between 
these isotope systems difficult. The '*’Sm-'9Nd 
data of samples S2 to S4 indicate an “age” of 
4.405 + 0,026 Ga, ~315 million years older than 
the Lu-Hf age and consistent with the previous 
Rb-Sr and Sm-Nd age determinations (2, //). The 
'475m-'8Nd age of 4.889 + 0.020 Ga defined by 
samples L] and R1 is older than the age of the 
solar system and has an initial '*°Nd/'*Nd less 
than the solar system initial value (fig. $1). The 
counterclockwise rotation of these older isochrons 
requires either open-system behavior of Sm and 
Nd or decoupling of Sm-Nd isotope systematics 
during subsolidus alterations. 

In ALH, 58% and 78% by weight of Sm and 
Na, respectively, reside in the phosphate phases 
whitlockite and apatite (Table 1). The Sm-Nd 
apparent isochron defined by samples $2 to $4 is 
controlled by distribution of light rare earth 
element (LREE)-rich phosphates, as shown by 
the strong correlation (R* = 0.99998) between 
measured '*5Nd/'“4Nd and Nd concentrations for 
each fraction (fig. S2). Because phosphates are 
reactive in low-pH and weathering environ- 
ments, there was great potential for redistri- 
bution of Sm, Nd, and Sr in ALH resulting in 
spurious age and initial isotope ratios for both 
the Sm-Nd and Rb-Sr isotope systems. The 
relatively high scatter of >°Th?°*Pb data (5) 
anda younger average U-Pb age of 4.018 + 0.081 
Ga (10) of apatite and whitlockite are consistent 
with disturbance of phosphate phases after 


igneous crystallization, For counterclockwise 
rotation of a Sm-Nd isochron, the low-Sm/Nd 
phase, phosphate in this case, must lose Nd rela- 
tive to Sm, and the high-Sm/Nd phase ortho- 
pyroxene must have its Sm/Nd ratio decreased 
or unchanged. The precise mechanism of this 
alteration is unknown, but disturbance of the 
Sm-Nd system in ALH is demonstrated by the 
ages being too old for the leachate-residue pair 
coupled with a '8Nd/'4Nd less than the solar 
system initial value. In contrast, orthopyroxene 
and chromite are the dominant Lu and Hf res- 
ervoirs (Table 1), which implies that phosphate 
disturbance will not affect the Lu-Hf system. 
Although 3% Lu resides in phosphate, its mo- 
bility would have little impact on the slope of the 
isochron, Because of its resistance to disturbance 
resulting from phosphate alteration and mutual 
agreement between U-Pb and Pb-Pb ages, we 
conclude that the Lu-Hf isochron defines the true 
igneous crystallization age. 

The Lu-Hfage of 4.091 + 0,030 Ga precludes 
it from being a remnant of primordial crust 
formed during solidification of an early martian 
magma ocean (MO). Instead, the magma that 
crystallized to produce ALH was derived from 
mantle reservoirs that have evolved isotopically 
since about 4.54 to 4.46 Ga (2/). The initial 
76H0" 77H of ALH cast in e'°HfeyuR notation 
(22) is 4.64 + 1.04 (Table 2). This indicates that 
the 'Hf/'’7Hf of its parental magma source is 
less than CHUR (Fig. 2A). The calculated source 
"76Ly/'”"Hf—assuming a two-stage mantle evo- 
lution model (23), a source formation age of 
4.513 Ga, a chondritic bulk Mars, and a Mars 
formation age of 4.567 Ga (20)—is 0.0183 + 
0.0036. This is similar to but substantially lower 
than the average source '7°Luw/'”Hf of 0.02795 + 
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= 
= 
g 

0.281 

0.08 
0.279 
0.00 0.02 0.04 0.06 0.08 
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Fig. 1. Lu-Hf isochron for ALH. Inset shows Hf isotope data relative to CHUR at 4.091 Ga. Data are listed 
in Table 2; errors are 2c. The isochron was calculated using IsoPlot (34) and a *”°Lu decay constant of 


1.865°™ year * (35). 
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0.00010 (weighted mean) calculated for the dis- 
tinct martian meteorite group of enriched sher- 
gottites (24) (Fig. 2A). The calculated source 
™7Sm/'4Nd using the bulk-rock sample S3 is 
0.172, slightly lower than the average source 
'47S5m/'4Nd of 0.185 for the enriched shergot- 
tites (2/). Also, the measured '?Nd/'4Nd of 
ALH [e!?Nd = -0.23 + 0.05 relative to the 
terrestrial standard (20)] is slightly lower than 
(but within error of) the enriched shergottite 
average of -0.19 + 0.05. Combined, ALH and 
the enriched shergottites have distinctly lower 
e'?Nd than all other martian meteorites that 
have e'’Nd values of -0.23 + 0.03 to +0.65 + 
0.05 (2/). The ALH carbonate *’Sr/**Sr is 
identical to its measured bulk rock at 3.90 + 
0.04 Ga, indicating that the carbonate Sr was 
primarily, if not wholly, derived from ALH (9). 
Given this, the calculated source *’Rb/**Sr is 
0.41 to 0.35, similar to the average source of 


enriched shergottites of ~0.36 (23). Finally, 
similarities between ALH and enriched shergot- 
tite primary magmas are also indicated by the 
incompatible trace element abundances of coexist- 
ing melts with the cumulate phases in ALH (25). 
Combined, these observations indicate that ALH is 
derived from a source that is more incompatible 
trace element-enriched than shergottites. When 
source Sm/Nd and LwHf ratios of shergottites and 
ALH are plotted together, they define a mixing 
array between hypothetical incompatible trace 
clement-depleted and —enriched end members 
(Fig, 2B). 

In principle, the enriched source character- 
istics constrained by ALH and less so by the 
ied shergottites could potentially be derived 
from variable amounts of crustal assimilation 
during magma differentiation (26, 27). However, 
from the coupled relationships between Os and 
Nd isotopes, shergottites cannot be related by 


Table 1. Lu, Hf, Sm, and Nd concentrations and their calculated absolute amounts in each listed 
phase. See (20) for data reduction and analytical procedures. Modal proportions from (19); 
plagioclase and phosphate data from (36); orthopyroxene and chromite data from this study (20). 


Orthopyroxene Chromite pss ars ; Phosphate 
Modal proportions 97% 2% <1% 0.15% 
Element concentrations 
Lu (ppb) 48.6 0.74 900 
Hf (ppb) 116.8 219.2 
sm (ppb) 49.1 34 43,580 
Nd (ppb) B3 378.5 179,500 
Percentage hosted in each phase 
uu 97% 0.03% 3% 
Hf 96% 4% 
sm 42% 0.30% 58% 
Nd 21% 1% 78% 
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simple mixing of depleted mantle and crust (28). 
Furthermore, crustal assimilation is not consistent 
with major element compositions of shergottites 
and their trace clement and isotope systematics 
(23). From mixing calculations, the ratio of en- 
riched component to depleted component in the 
martian mantle that yields the measured source 
"’Snv'Nd and '*Lu/'Hf of ALH is about 
0.6:0.4, Because ALH falls on the well-defined 
binary mixing array for Sm-Nd and Lu-Hf source 
compositions, it would also be highly unlikely 
that assimilation of mineralogically diverse crustal 
rocks would yield such a tight array for rocks 
representing parental magmas formed billions of 
years apart. Thus, the source for ALH was most 
likely in the martian mantle. This source has trace 
element and lithophile isotope characteristics s 
ilar but not identical to lunar KREEP (potassium: 
rare earth element-phosphorus) basalt sources and 
was likely produced by similar mechanisms (Fig. 
2, A and B) (23, 29). 

The enriched and depleted end-member 
compositions in Mars likely formed from the 
progressive crystallization of its MO, where the 
residual trapped liquid components are enriched 
in incompatible trace elements relative to the 
cumulate fractions at any given point during the 
crystallization process (23, 29-31) creating a 
hybridized mantle source with the degree of 
enrichment controlled by the relative proportion 
of trapped liquid relative to cumulate minerals. 
The '*’Sm/'4Nd and '*Lu/'”Hf ratios of 
enriched residual liquid and depleted cumulate 
end-member components not only vary with 
degree of MO crystallization, but also with depth 
of equilibration and initial MO depth (Fig. 2C) 
(30). Because the modeled enriched end-member 
contribution to ALH parental magma is high 
(60%), the composition of the enriched end 


Table 2. Lu-Hf and Sm-Nd isotope data measured in this study. See (20) for data reduction and analytical procedures. 


ALH84001, 403 


ALH84001, 365 


Oxide sino Bulk rock Dirty pyroxene poets ae Bulk rock 
Sample s1 s2 $3 s4 R1 u B1 
Sample weight (g) 0.0127 0.0892 0.1005 0.0966 0.5052 1.01142 
Lu (ppm)* 0.0007 0.0486 0.0511 0.0490 
Hf (ppm)* 0.2192 0.1168 0.1402 0.1280 
6p 0.0005 0.0592 0.0518 0.0545 
MOHEP77HE (2 SE)* 0.280029 + 0.284686 + 0.284116 + 0.284290 + 

0.000030 0.000016 0.000011 0.000010 
SH eoday (+2 SD) -97.12+1.06 67.58+0.56 47.42+0.38 53.59+ 0.37 
©” Hfia.o9 Gay (£2 SD) 4.662106 -3.84+0.97 -4.37+089 -5.15+0.92 
de™”SHfldGa 0.32 39.08 34.21 35.97 
Sm (ppm)* 0.0562 0.1587 0.0925 0.0344 (12.57 ng) 
Nd (ppm)* 0.1003 0.5165 0.2476 0.0540 (47.71 ng) 
M7Sm/*“4Nd* 0.3387 0.1857 0.2258 0.3850 0.1594 
Mand/“Nd (+2 SE)* 0.516738 + 0.512266 + 0.513453 + 0.518544 + 0.511214 + 0.513226 + 
0.000014 0.000004 0.000005 0.000008 0.000005 0.000002 

&™ Nd oday) (£2 SD) 80.00+0.28 -7.24+0.08  15.92+0.09  115.23+0.15 -27.76 + 0.09 
€™3Nda.o9 Gay (£2 SD) 4.79 +038 -160+0.21 0.37 + 0.25 15.61 + 0.43 8.29 + 0.18 
end (£2 SE) 0.23 + 0.05 


*Concentrations and isotope ratios are corrected for the following blank values: 18 pg Lu; 80 pg Hf with ‘”°Hf/”7Hf = 0.2822; 20 pg Sm; and 50 pg Nd with “#Nd/*Nd = 0.5116. 
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Fig. 2. (A) Hf isotope 
evolution diagram relative 
‘to CHUR (33) of sources for 
enriched shergottites RBT 
04262 (RBT), NWA 4468, 
Shergotty (Sher), Zagami 
(Zag), LAR 06319 (LAR), 
Los Angeles, and NWA 856 
(24, 30, 37-40) as well as 
ALH. There are different re- 
cent interpretations of the 
ages of the shergottites. 
We have calculated all of 
the source "”°Lu/”7Hf and 
*7Smy/“'Nd ratios of sher- 
gottites assuming that their 
‘igneous crystallization ages 
are given by their internal 
isochron ages (0.15 to 0.57 
Ga) (11, 23, 24, 29, 38-40), 
not their older Pb-Pb ages 
(~4.1 Ga) (4, 38, 39); see 
(20) for further discussion. 
The isotopic evolution of the 
sources for the plotted sam- 
ples is based on a two-stage 
model (23, 29) where the 
sources formed from a chon- 
dritic reservoir at 4.513 Ga. 
The ”*Lu?”7Hf source values 
are indicated by the num- 
bers referencing the isotopic 
evolution lines. (B) Mixing 
diagram for shergottites 
and ALH **’Sm/***Nd and 
176." HF source composi- 
tions. Red dots, shergottites; 
DS, depleted shergottites 
DaG 476, QUE 94201, SaU 
094, DaG 476, and SaU 008; 
1S, intermediate shergotttes 
EETA 79001 and ALH 77005; 
ES, enriched shergottites RBT 
04262, LAR 06319, Shergot- 
ty, Zagami, NWA 4468, NWA 
856, and Los Angeles; ALH, 
ALH 84001. The black bi- 
nary mixing line is based on 
source compositions of resid~ 
ual trapped liquid (RTL) and 
cumulates in the upper man- 
tle assemblage (UM1) of (30) 
produced in MO 2000 to 
1350 km deep. The red mix- 
‘ing line was calculated with 


source end-member compositions used in (23). Blue squares are calculated sources for KREEP-rich lunar 
basalts. Isotope data used for the source calculations of shergottites come from (21, 23, 24, 29, 30, 37-40). 
Labeled mixing proportions (black symbols) are based on the fractions of RTL. (C) Enlargement of boxed area of 
(B). Solid symbols are defined as in (B) and represent calculated source compositions; open symbols 
represent the ““”Sm/"*Nd and *”°Lu/*”’Hf compositions of liquid in equilibrium with cumulates during MO 
crystallization (30). For MO 2000 to 1350 km deep, the open square represents RTL in the shallow upper 
mantle after 98% MO crystallization, the open triangle represents RTL in the upper mantle [UM1 of (30)] 
after 90 to 94% crystallization, and the open circle is RTL in the upper mantle [UM2 of (30)] after ~66% 
crystallization. Enriched end-member compositions (32) are labeled BD; percent values represent degree of 
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16 
Sher, Zag, PBT, 
LAR, NWA 4468 
-20 1 
0 1 2 3 4 
Time (Ga) 4.513 
o 
o 
2 
3s 
° 
ao 
a] 
z 
2 
a 
5 
0.15 7 
0.015 0.025 0.035 (0.045 (0,055 
176 u/'77Hf source 
c 
o 
2 
3 
fr) 
a 
2 
3 BD (98%) 
6 
a 
= o15s}- # BD (99.5%) 
0.14 - - 
0.015 0.020 0.025 0.030 


76Lu/'77Hf source 


MO crystallization. Ellipse reflects 2c error of calculated source compositions for ALH. 


member is nearly identical to its calculated source 
composition. The enriched component likely 
represents deep (200 to 750 km) residual trapped 
liquid (RTL) equilibrated with cumulates after 
~93% MO crystallization (30) (Fig. 2C). This 
component is unlike that derived from shallow, 
very late-stage liquids remaining after >98% MO. 
crystallization that explains lunar KREEP (3/) 
(Fig. 2C). Additionally, cumulates in equilibrium 
with this RTL are a good match for the 
composition of the depleted mantle end-member 
composition as evidenced by shergottite source 
modeling (30) and our finding that mixtures of 
these two components can generate the observed 
sources of shergottites and ALH that range in age 
from 0.165 to 4.091 Ga (Fig. 2B). Therefore, it 
likely that similar magmatic source regions in 
Mars that produced the long-lived Tharsus and 
Elysium volcanic regions have been producing 
magmas for at least the past 4 billion years. 

The igneous crystallization of ALH occurred 
at 4,091 + 0.030 Ga, during a period of intense 
bombardment and slightly prior to cessation of 
the Mars global magnetic field (/5, /6, 32). As 
such, the magnetic properties of the igneous 
phases in ALH (/7) do not record early planetary 
magnetic fields, as implied for a crystallization 
age of ~4.5 Ga, and must instead reflect con- 
ditions after accretion and ~400 million years of 
cooling in Mars. The Lu-Hf age requires a much 
shorter time interval between igneous formation 
and aqueous alteration at 4.04 + 0.10 to 3.90 + 
0.04 Ga, necessitating a revision of the timing of 
pre-alteration textures (/3). The younger age 
predicts that the primordial martian crust was 
likely largely destroyed from intense bombard- 
ment at 4.25 to 4.1 Ga (/5). 
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Evolution of an Expanded 
Sex-Determining Locus in Volvox 
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Although dimorphic sexes have evolved repeatedly in multicellular eukaryotes, their origins are 
unknown. The mating locus (MT) of the sexually dimorphic multicellular green alga Volvox carteri 
specifies the production of eggs and sperm and has undergone a remarkable expansion and divergence 
relative to MT from Chlamydomonas reinhardtii, which is a closely related unicellular species that 
has equal-sized gametes. Transcriptome analysis revealed a rewired gametic expression program for 
Volvox MT genes relative to Chlamydomonas and identified multiple gender-specific and sex-regulated 
transcripts. The retinoblastoma tumor suppressor homolog MAT3 is a Volvox MT gene that displays 
sexually regulated alternative splicing and evidence of gender-specific selection, both of which are 
indicative of cooption into the sexual cycle. Thus, sex-determining loci affect the evolution of both 


sex-related and non-sex-related genes. 


every major group of cukaryotes, and are 

thought to be selected when parents can 
differentially allocate resources to progeny (/). 
However, the origins of oogamy (large eggs and 
small sperm) and the contribution of sex-determining 
loci to such evolution are largely unknown (2, 3) 
[sce the glossary of terms (4) for further expla- 
nation of terminology]. 

The Volvocine algae are a group of chloro- 
phytes comprising unicellular species, such as 
Chlamydomonas reinhardtii (hereafter Chlamy- 
domonas), and a range of multicellular species of 
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varying complexity, such as Volvox carteri 
(hereafter Volvox). Volvox has a vegetative re- 
productive form containing 16 large germ cells 
(gonidia) and ~2000 terminally differentiated so- 
matic cells (fig. $1) (4. 5). 

Chlamydomonas and other Volvocine algae 
also undergo a sexual cycle in which a large, 
haploid mating locus (M7) controls sexual dif- 
ferentiation, mating compatibility, and zygote 
development (6). MT in Chlamydomonas is a 
200- to 300-kb multigenic chromosomal region 
(Fig. 1A) within which gene order is rearranged 
between the two sexes (M7+ and M7-) and 
meiotic recombination is suppressed, thus lead- 
ing to its inheritance as a single Mendelian trait. 
Within each MT allele are gender-limited genes 
(allele present in only one of the two sexes), 
which are required for the sexual cycle, as well 
as shared genes (alleles present in both sexes), 
most of which have no known function in sex or 
mating (7). The rearrangements that suppress 
recombination serve to maintain linkage of 
gender-limited genes, but they also reduce ge- 
netic exchange between shared genes, leading to 
their meiotic isolation. Thus, Chlamydomonas MT 
bears similarity to sex chromosomes and to ex- 
panded mating-type regions of some fungi and 
bryophytes (8-/0). 
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Although Chlamydomonas is isogamous 
(producing equal-sized gametes), Volvox and 
several other Volvocine genera have evolved 
oogamy that is under the control of female and 
male MT loci (fig. $1) (//). Moreover, the Volvox 
sexual cycle is characterized by a suite of other 
traits not found in Chlamydomonas, such as a 
diffusible sex-inducer protein rather than nitrogen 
deprivation (-N) as a trigger for gametogenesis 
(table $1). A detailed characterization of MT in 
Volvox would be expected to shed light on the 
transition from isogamy to oogamy and on other 
properties of the sexual cycle that evolved in this 
multicellular species (table S1). 

The MT+ allele of Chlamydomonas was 
previously sequenced and resides on chromo- 
some 6 (Fig. 1A and fig. $2) (/2). To enable a 
comparison of mating loci evolution between 
two related species with markedly different sex- 
ual cycles, we sequenced Chlamydomonas MT- 
and both alleles of Volvox MT (Fig. | and table 
$2) (4). Volvox MT was previously assigned to 
linkage group I (LG 1) (5), but the locus had not 
been further characterized. We mapped Volvax MT 
to the genome sequence and assembled most of 
LGI (table S3) (4), Extensive synteny with Chlam- 
Jjdomonas chromosome 6 indicates that MT’ has 
remained on the same chromosome in both lineages 
for ~200 million years since their estimated diver- 
gence, despite numerous intrachromosomal re- 
arrangements between the two (fig. S2) (/3). 

Although the haploid Volvox genome is 
~17% larger than that of Chlamydomonas (138 
Mb versus 118 Mb) and the two have very 
similar predicted proteomes (/2, 14), Volvox MT 
is ~500% larger than Chlamydomonas MT and 
contains over 70 protein-coding genes in cach 
allele (Fig. 1B and tables $4 and $5). Compared 
with autosomes, Volvox MT is unusually repeat- 
rich (greater than three times the genomic aver- 
age), has lower gene density, and has genes with 
more intronic sequence (table $6), all of which 
are properties that suggest an unusual evolutionary 
history and distinguish it from Chlamydomonas 
MT. 

Only two gender-limited genes from Chlamy- 
domonas MT-, MID and MTD1, have recogniz- 
able homologs in Volvox that are both in male MT 
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Resolving Mechanisms of 
Competitive Fertilization Success 
in Drosophila melanogaster 
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Our understanding of postcopulatory sexual selection has been constrained by an inability to 
discriminate competing sperm of different males, coupled with challenges of directly observing live 
sperm inside the female reproductive tract. Real-time and spatiotemporal analyses of sperm 
movement, storage, and use within female Drosophila melanogaster inseminated by two transgenic 
males with, respectively, green and red sperm heads allowed us to unambiguously discriminate 
among hypothesized mechanisms underlying sperm precedence, including physical displacement 
and incapacitation of “resident” sperm by second males, female ejection of sperm, and biased use 
of competing sperm for fertilization. We find that competitive male fertilization success derives 
from a multivariate process involving ejaculate-female and ejaculate-ejaculate interactions, as well 


as complex sperm behavior in vivo. 

emating with different males by females 
Re sexual conflict over paternity 
(/) and sets the stage for postcopulatory 
sexual selection (2-4), which can drive diversi- 
fication of both male and female biochemistry, 
physiology, morphology, and behavior (4, 5). 
Most investigations of postcopulatory sexual se- 
lection have focused on the pattern of sperm 
precedence, such as the proportion of progeny 
sired by the second of two males subsequent to 
female remating (P2). However, without knowl- 
edge of underlying mechanisms, these patterns 
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Fig. 1. Numbers of first- A 
male (red) and second- 1000 
male (yellow) sperm in bi | 
the (A) bursa, (B) seminal — & 1200" 
receptacle, and (C) sper- 1000" 
mathecae for 13 time 2 800) 
points ASM, averaged 3 600- 
over two experimental § 400} 
replicates and both re- = 200/ 


ciprocal mating orders. 
Error bars represent SEM. 


reveal little about the intensity of selection or 
sex-specific adaptation (4-6). Consequently, even 
with Drosophila melanogaster, there is conten- 
tion over the mechanisms giving rise to the rough- 
ly 80% last-male sperm precedence observed 
(7-12). Our understanding of these and other 
phenomena has been constrained by the technical 
challenge of directly observing sperm dynamics 
within the female reproductive tract and our 
limited ability to discriminate between sperm 
of different males (7, /3, 14). 

We have overcome these challenges by 
transforming D. melanogaster to express a prot- 
amine labeled with green fluorescent protein 
(GFP) or red fluorescent protein (RFP) in sperm 
heads, which can be easily observed and un- 
ambiguously differentiated within the female re- 


study will be made available upon request with the 
completion of a Materials Transfer Agreement from 
Salk Institute 
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productive tract (figs, S1 and S2 and movies $1 to 
$3). These lines enable direct visualization of 
sperm competition in vivo, in real time, and over 
extensive periods of time, allowing us to 
discriminate among alternative hypothesized 
mechanisms of sperm precedence. Multiple 
indices of male fitness relevant to sperm and/or 
ejaculate function were assayed, with transgenic 
males compared with each other and with a wild- 
type LH, strain (into which the GFP and RFP 
constructs were backcrossed for six generations). 
Although some significant differences were 
found, with transformed lines performing less 
well, equivalent to, or better than the wild type in 
different fitness assays, all three strains fell within 
the typical range of values reported in the 
literature for all assays (figs, S3 to $7), which 
suggested there was no dysfunction of transfor 
mant sperm. Moreover, results of the sperm 
precedence experiments reported below are un- 
biased, because GFP and RFP males (i) were 
competed using a reciprocal mating order design 
and (ii) did not differ in female remating interval, 
P,, or P3 in those experiments (/5). 

We quantified (i) spatiotemporal patterns 
of sperm storage and use by the female after 
remating, (ii) the extent and timing of sperm 
ejection by females, and (iii) the influence of 
remating on resident sperm motility. Unless other- 
wise specified, in all experiments, 3-day-old, 
virgin LH,, females were randomly assigned to 
all treatment groups, initially mated to a GFP or 
an RFP male, and, beginning 3 days later (the 
typical remating latency for D. melanogaster), 
provided a daily, 6-hour opportunity to remate to a 
male of the alternative genotype (reciprocal male 
mating order balanced). All copulations were ob- 
served, and copulation durations recorded (/5), 
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To quantify temporal dynamics of sperm 
fate, females in two experimental replicates 
were flash-frozen at randomly assigned times 
cond mating (ASM): 0 min 


afier the start of the 
(immediately after second male mounting), 5 min, 
10 min, 15 min, 30 min, 45 min, 60 min, 2 hours, 
8 hours, and 24 hours, with three additional time 
points in the second replicate: 90 min, 48 hours, 


and 72 hours. For the last three time treatments of 
the second replicate (24 hours, 48 hours, 72 hours), 
all progeny were reared, and the proportion sired 
by the second male (P2) was determined by 
assaying all sons for green or red sperm. Frozen 
females were dissected, and red and g 
sperm were counted in the bursa (the site of 
insemination), paired spermathecae (including 


rec 


°2 


Fig. 2. Representative female reproductive tracts at (A) 5 min, (B) 15 min, (C) 90 min, and (D) 8 hours 
ASM, showing relative abundances and locations of first-male (GFP) and second-male (RFP) sperm. 


Fig. 3. Ejected sperm mass con- 
taining both first-male (GFP) and 
second-male (RFP) sperm under (A) 
differential interference contrast and 
(8) fluorescence. 
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spermathecal ducts), and the seminal receptacle 
(SR), distinguishing between the proximal and 
distal halves. For illustrative purposes, results 
from both replicates and male mating orders ai 
combined in Fig, | [individual replicates and 
male mating orders shown in figs. S8 to S10; s 
(/5) for tests of differences], with sample sizes 
per time treatment ranging from 30 to 50 females 
(total V = 543) (table $1). 

We revealed two different mei 
which resident sperm are displaced from the 
sperm-storage organs after remating and which 
contribute to last-male sperm precedence. First, 
there was an early release of some resident sperm 
from storage into the bursa, a process that does 
not involve second-male sperm. Second, resident 
sperm appear to have been physically displaced 
over time from both the SR and the spermathecae 
by incoming second-male sperm. Wild-type fe- 
males store ~400 sperm at maximum in their SR 
and 130 sperm in the paired spermathecae (Fig, 1). 
Upon remating (i.c,, time 0 ASM), resident sperm 
were depleted from this maximum capacity, 
because sperm were used for fertilization over 
the preceding days to 149 (+ 12) sperm in the SR 
and 108 (+ 11) sperm in the spermathecae. 
Resident sperm were rarely observed in the bursa 
(Fig. 1) or in the spermathecal ducts at time 0. 
Insemination of second-male sperm began as 
early as 5 min ASM (25 out of 46 cases or 54% 
of the time), and in 19% of cases where second- 
male sperm had not yet been transferred (5 out 
of 26), some resident sperm (17 + 5) were 
observed in the bursa 5 to 10 min ASM (Figs. 
1 and 2). We also saw first-male sperm in the 
bursa in 14% of observations where second- 
male sperm had been transferred but had not 
yet entered storage (5 out of 37). This release 


of resident sperm was presumptively female me- 
diated and triggered by male accessory gland 
proteins (Acps) and/or mechanical stimulation 


of copulation 
First-male sperm continued to be displaced 
as second-male sperm entered storage, soon 
after insemination (the SR earlier than the sper- 
mathecae) (Fig, 1) (/6). Sperm transfer peaked at 
15 min ASM (1412 + 66 sperm, or ~2.7 times the 
female’s storage capacity), af 
male sperm steeply declined in the bursa, while 
resident sperm steadily increased. Although sperm 
storage leveled off around 45 min ASM, the first- 
and second-male sperm proportions continued to 
change, with displacement peaking 60 to 90 min 
ASM (Fig. 1), when 26% of resident stored sperm 
had been relocated into the bursa. Although this 
process is likely to displace some of the second 
male’s own sperm (17), it will also increase the 
proportion of second-male sperm in storage (as 
observed) because of their overrepresentation in 
the bursa. This outcome also depends on active 
motility within the storage organs (movies $1 to 
$3) and adequate mixing of first- and second-male 
sperm, consistent with our observations (fig. S11 
and movies $4 and $5). Competing sperm we 
highly stratified during and immediately after 


+ which second- 
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(Fig. | and figs. $3 and $4). MID is a conserved 
RWP-RK family transcription factor whose ex- 
pression in other Volvocine algae is induced by 

N (15-17), as is also the case for MTD! (18, 19). 
Both M7D1 and MID are expressed constitu- 
tively in Volvo (fig. $5), indicating that their tran- 
scription is uncoupled from sexual differentiation, 
This result suggests that additional MT genes 
might play a role in gametogenesis. 

We used differential deep transcriptome 
sequencing (tables S7 and S8) (4) to identify 
MT genes in Volvox, a method that helped to mit- 
igate problems associated with automated gene 
prediction in atypical genomic regions such as M7 
We identified transcripts for five new female- 
limited and eight new male-limited genes that do 
not have detectable homologs in Chlamydomo- 
nas and found that most of these gender-limited 
genes are sex-regulated (expression was induced 
or repressed during sexual differentiation) (Fig. 
1C and table $9) (4). HMG/ encodes a female- 
limited HMG domain protein (figs. S6 and S7 
and table $10) that belongs to a family of DNA- 
binding proteins whose members regulate mam- 
malian and fungal sex determination (20, 2/). 
However, HMG proteins had not been previously 
implicated in the sexual cycles of green algae or 
plants. A second previously unknown female- 
limited gene, FS/I, is strongly induced during 
gametogenesis and encodes a small predicted 
transmembrane protein with no identifiable homo- 
logs (Fig. 1C and fig. $7). 

Besides identification of new gender-limited 
genes, our transcriptome data provided empirical 
support for 51 of 52 single-copy shared genes in 
Volvox MT that previously had limited expressed 
sequence tag (EST) support for the female allele 
(33 of 52) and no EST support for the male allele. 
Moreover, some of these shared genes showed 
patterns of expression that suggest co-option into 
the Volvox sexual cycle. These pattems include 
gender-biased expression (male:female expression 
ratio # 1) and sex-regulated expression (Fig. 1C 
and fig. 87) (4). This set of genes encodes pu- 
tative signaling, extracellular matrix, and chromatin- 
associated proteins with known or potential roles 
in gametogenesis and fertilization and are can- 
didates for further investigation (fig. $7). 

In diploid species, heterogametic sex chromo- 
somes evolve rapidly (22) and lose genes that are 
not related to sex (23). Because of suppressed 
recombination, genes within large haploid mat- 
ing loci are predicted to accumulate mutations 
more rapidly than would genes in autosomal 
regions, but they are continuously exposed to 
selection (24). Suppressed recombination also 
appears to have played a role in diversification of 
mating locus-linked genes in haploid fungi and 
bryophytes (8-10). Our data allowed us to 
compare the evolutionary history of Volvox MT 
genes from this oogamous species to each other 
and to genes from MT of its isogamous relative 
Chlamydomonas. 

Divergence was measured from synonymous 
(dg) and nonsynonymous (dy) substitutions (Fig. 


Fig. 1. Expansion of Volvox MT and sex-regulated gene expression. (A) Schematic of Chlamydomonas 
mating locus with rearranged domains in light blue or pink. M7+-limited genes are shaded red if unique 
or orange if they have an autosomal copy. M7—-limited genes are shaded blue. Flanking and shared 
genes are shaded black and gray, respectively. Synteny is indicated by gray shading. (B) Schematic of 
Volvox MT scaled as in (A). Boxed genes were used for mapping. The broken segment represents a 
transposon repeat region containing copies of VPS53. (C) Expression heat maps of Volvox MT genes. 
(Left) Female/male expression ratio. (Middle) Total expression. (Right) Sexual induction (Sex) or 
repression (Veg). Diagonal hatch indicates insufficient data. 
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Fig. 2. Divergence of MT genes. (A and B) dy and 
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ds for shared Volvox (A) or Chlamydomonas (B) 


genes within MT (orange shading) or flanking MT. Asterisks indicate saturated d, values. (C and D) 
Maximum likelihood phylogenies for PRP4 (C) and MT gene PRX1 (D). Red and blue respectively 


indicate female and male strains and clades. 
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2, A and B) and from total nucleotide distances 
for shared genes (tables SI] and S12) (4). 
Unexpectedly, divergence for Volvox MT allelic 
pairs is up to two orders of magnitude larger than 
for allelic pairs in Chlamydomonas MT, suggest- 
ing that Volvox MTalleles may have been subject 
to more intense and/or more prolonged recombi- 
national suppression than Chlamydomonas MT 
alleles have been. In contrast, two internal syn- 
tenic blocks within Volvox MT are relatively sim- 
ilar (Figs. 1B and 2A), suggesting that they were 
acquired more recently in an ongoing stratifica- 
tion process as first described for the human X 
chromosome (25), Volvox MT genes also showed 
reduced codon usage bias relative to autosomal 
genes (fig. $8), which is most likely due to 
suppressed recombination (26). 

We sequenced three MT genes and a flanking 
gene, PRP4, from a set of related Volvox species 
in order to determine the extent of MT gene 
isolation (4). Phylogenies revealed the expected 
pattern for PRP4, which grouped by species and 
geographical location (Fig. 2C). In contrast, the 
MT genes grouped by gender (Fig. 2D and fig. 
S9), These data demonstrate that the shared genes 
in Volvox MT have essentially become gender- 
specific and have remained genetically isolated 
during speciation. Thus, the MT locus in Volvox 
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has become a repository of genetic diversity that 
is linked to the sexual cycle. 

In Chlamydomonas, the retinoblastoma (RB) 
tumor suppressor pathway controls cell division 
in response to cell size (27), and the RB homolog 
encoded by MAT3 is adjacent to MT (28). Volvox 
MAT3, on the other hand, is within M7 (Fig. 1B), 
and we investigated its evolution and expression 
as a candidate regulator of sexually dimorphic 
cell divisions (fig. $1). The Volvox male and fe- 
male MAT3 proteins are exceptionally diverged 
from each other (figs. $9 to S11). Moreover, male 
and female Volvox MAT3 have different structures: 
The female allele contains an intron that is absent 
from males, whereas the male allele contains an 
unusually large fourth intron as compared with 
that of females (Fig. 3). Although MAT3 shows 
signs of having undergone purifying selection 
(dy/ds = 0.23) (table S11), several short se- 
quences in the male and female proteins are 
asymmetric in their conservation pattern, sug- 
gesting that the two alleles are under different 
selective constraints (figs. S10 and S11). We also 
found dozens of alternatively processed MAT3 
mRNAs from both Volvox sexes, representing 
most types of alternative splicing (Fig. 3 and fig. 
$12) (29). In addition, sex-regulated pre-mRNA 
splicing of MAT3 was found for both genders and 
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might be controlled by the MT-encoded splicing 
factor SPL2, whose expression level is sex- 
regulated in males (Fig. 1C and fig, S13). The 
predominant MAT3 isoform in sexual males 
retains the first two introns, leading to inclusion 
of an early termination codon (Fig. 3 and fig. 
$12). mat3 mutants in Chlamydomonas produce 
tiny gametes (28), and down-regulation of MAT3 
in Volvox males through alternative splicing may 
be linked to the production of small-celled sperm. 

The accelerated divergence of sex chro- 
mosomes is usually associated with gene loss 
and degeneration (23), although adaptive evolu- 
tion of sex chromosomes is an emerging theme 
(30). Our data suggest that expansion, loss of re- 
combination, and rapid divergence can be mutu- 
ally reinforcing properties of sex-determining 
regions that facilitate cooption into the sexual 
cycle and provide previously undiscovered sources 
of developmental innovation (fig. S14). 
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copulation, with resident sperm concentrated in 
the distal half of the SR (Fig. 2, B and C), but 
dynamic mobility of sperm in storage increased 
mixing over time (Fig. 2D and fig. S11). 

The question of why males ejaculate many 
more sperm than can be stored has long puzzled 
researchers, given that the (1.8 mm) sperm of 
D, melanogaster are many times longer than 
any distance they travel within the female and 
that storage appears to be a rapid and efficient 
process (/8), We postulate that excess sperm 
and, perhaps, their mobility (movie $6) are adap- 
tations to sperm competition in this species, spe- 
cifically to physical displacement of resident 
sperm. Indeed, th of the second male's 
ejaculate was significantly correlated with the 
amount of resident sperm displaced from storage, 
and the strength of this relation increased substan- 
tially between 45 and 60 min ASM (fig. $12) 
[45 min ASM: n = 45, F)_ 43 = 6.85, coefficient 
of determination (R*) = 0.137, P= 0.012; 60 min 
ASM: n = 34, Fi, 32 = 30.95, R? = 0.49, P< 
0.0001]. These results also suggest that ejaculate 
size is evolving via sexual selection mediated by 
sperm competition. 

Sperm storage and displacement dynamics 
cease when the female ejects excess second- 
male and displaced first-male sperm from her 
reproductive tract. To establish that females 
are ejecting sperm, as previously inferred (/3), 
we doubly mated wild-type females to GFP 
and RFP males and, within 30 min after copu- 
lation, transferred females in groups of up to five 
(mean = 4.7) into 20 cubes constructed of glass 
coverslips. Cubes were deconstructed 3 hours 
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Fig. 4. Relation between P2 and S (both variables 
arcsine square root transformed) in the (A) seminal 
receptacle and (B) spermathecae. Seminal recep- 
tacle: y = 1.203x — 0.191 (reduced major axis 
regression); spermathecae: y = 0.0383x + 1.144 
(simple linear regression). 


later, and the coverslips were examined under 
fluorescence. We found several ejected sperm 
masses per cube, highly stereotypical in form 
(Fig. 3), consisting of mixed (but predominantly 
second-male) sperm in association with the ge- 
latinous mating plug. To better quantify ejection, 
wild-type females were isolated in glass three- 
well spot plates beneath coverslips immediately 
after mating to GFP males, and we checked for 
ejection every 10 min for up to 5 hours using a 
stereomicroscope. Ejected masses were immedi- 
ately transferred to saline on slides and examined 
under epifluorescence to confirm the presence of 
GFP sperm, and females were dissected to 
examine the bursa for sperm. We found that 84% 
of females (n = 61) ejected sperm within five 
hours of mating (181 + 11 min, mean + SEM), and 
none of these females had any sperm in their 
bursa, nor had they laid any eggs. Additionally, on 
examination, first eggs laid in media vials in the 
time-series experiment (above) were never asso- 
ciated with large amounts of sperm, which sug- 
gests that active sperm ejection by females is 
typical, if not universal. 

Afier ejection, remaining stored sperm make 
up the “fertilization set” (/9) or the population of 
sperm directly engaging in sperm-sperm compe- 
tition. To delineate which storage organs house 
the fertilization set, we compared simple linear 
regressions of P; on the proportion of second- 
male sperm in storage (S») (Fig. 4) (15). Sy was 
found to be a highly significant predictor of P> for 
the SR (Fi, 5 = 25.55, P< 0.0001, R® = 0.259) 
but not the spermathecae (F;, 79 = 0.26, P = 
0.614, R® = 0.004), reinforcing previous indirect 
evidence (20) that sperm in the SR constitutes the 
more immediate fertilization set. Proportional rep- 
resentation in the proximal versus distal regions of 
the SR may further contribute to differential fer- 
tilization success and has been shown to be in- 
fluenced by sperm length (2/, 22). However, 
sperm length here did not systematically vary 
between first and second males, and sperm pro- 
portions did not differ regionally in the SR in the 
hours immediately after mating (fig. S11). 

We finally tested if each male’s sperm in 
the SR post ejection was equally competitive, 
akin to a “fair raffle” (/9), with sperm used for 
fertilization in direct proportion to their prev- 
alence, Two results suggest that they were: 
vivo sperm motility did not change upon remating 
and (ii) sperm were used in direct proportion to 
their abundance. First, we examined if female 
remating induces a change in motility of GFP 
sident sperm in the SR, by quantifying their 
velocity and percent motility (i) 5 min ASM to 
an RFP male, (ii) 60 min ASM to an RFP male, 
(iii) 60 min after the first mating, and (iv) 3 days 
after the first mating (/5). Percent motility and 
sperm velocity showed no significant changes, 
which suggested that in the SR, neither several 
days of storage nor female remating had any 
detrimental effect on sperm survival or motility 
(fig. S13 and movies SS and S6). Second, if sperm 
competition was disproportionately and systemat- 


ically biased toward one male over another 
(“loaded raffle”), the slope of the regression 
of P2 on S, would be either significantly less 
than | (favoring the first male) or greater than 
1 (favoring the second male). However, the 
slope of the reduced major axis regression was 
not significantly different from 1 [slope = 1.203, 
(68) = 0.81, P = 0.422] (Fig. 4A), which sup- 
ported the fair-raffle hypothesis. 

Our observations of in vivo motility and fine- 
scale spatiotemporal patterns of sperm fate 
corroborate some previously conjectured mech- 
anisms underlying competitive fertilization suc- 


and sperm ejection by females (/3), but fail to 
support other proposed mechanisms, such as 
sperm incapacitation (9-11). We cannot exclude 
the possibility that Acp-mediated incapacitation 
contributes to the early release of some resident 
sperm from storage. However, we would then 
expect to see dead or dying sperm in storage and 
in the bursa, yet neither sperm velocity nor sperm 
motility in storage changed upon remating. Our 
results complement other investigations of sperm 
mortality of competing ejaculates in vivo (/3) 
and in vitro (24), which suggested that incapac- 
itation makes little to no contribution to sperm 
precedence in D. melanogaster, The present in- 
vestigation reveals that postcopulatory sexual 
selection in D. melanogaster includes the early 
release of resident sperm from storage, the heter- 
‘ogeneous distribution of competing sperm pro- 
portions in different storage organs, fair-raffle 
sperm use in the SR, and the surprising level of 
sperm mobility within female sperm-storage 
‘organs (movies S1 to SS). Most important, a 
complex and dynamic array of processes under- 
lying patterns of sperm precedence (e.g,, P2) can 
now be dissected in targeted, detailed genetic 
analyses to reveal specific behavioral, physiolog- 
ical, and biochemical mechanisms relevant to 
postcopulatory sexual selection. 


References and Notes 

G. A. Parker, in Sexual Selection and Reproductive 

Competition in Insects, M.S. Blum, N. A. Blum, Eds. 

(Academic Press, New York, 1979), pp. 123-166, 

G. A. Parker, Biol. Rev. Camb, Philos, Soc, 45, 525 

(1970). 

. W. G, Eberhard, Female Control: Sexual Selection by 
Cryptic Female Choice (Princeton Univ, Press, Princeton, 
Nj, 1996). 

4, T. R. Birkhead, A. P, Moller, Sperm Competition and 
Sexual Selection (Academic Press, London, 1998). 

5, T.R. Birkhead, D. J. Hosken, S. Pitnick, Sperm Biology: 
An Evolutionary Perspective (Academic Press, London, 
2009). 

6. A. Bjork, 5, Pitnick, Nature 442, 742 (2006). 

7. A. Bjork, W. T. Starmer, D. M. Higginson, C. }. Rhodes, 
S. Pitnick, Proc. Biol. Sci. 274, 1779 (2007). 

8. T. Pizzari, G. A. Parker, in Sperm Biology: An Evolutionary 
Perspective, T. R. Birkhead, D. J, Hosken, 5. Pitnick, Eds. 
(Academic Press, London, 2009), pp. 207-245. 

9. A. Civetta, Curr, Biol. 9, 841 (1999). 

10. C. 5. C. Price, K. A. Dyer, J. A. Coyne, Nature 400, 449 

(1999). 
11. LG. Harshman, T. Prout, Evolution 48, 758 (1994), 
12. A. S. Gilchrist, L. Partridge, J. insect Physiol. 41, 1087 
(1995). 
13. R.R. Snook, D. J. Hosken, Nature 428, 939 (2004). 


16 APRIL 2010 VOL 328 SCIENCE www.sciencemag.org 


14, A. D. Stewart, A. M. Hannes, W. R. Rice, Evolution 61, 
636 (2007). 

‘Materials, methods, supplementary analyses, and discussion 
are available as supporting material on Science Online. 
E.M. Adams, M. F, Wolfner, J. Insect Physiol. 53, 319 
(2007) 

G. A. Patker, L. W. Simmons, Proc, Biol. Sci, 246, 107 
(199), 

K, Ravi Ram, M. F. Woltner, Integr. Comp. Biol. 47, 427 
(2007). 

G. A. Parker, in Sperm Competition and the Evolution of 
‘Animal Mating Systems, R. 1. Smith, Ed. (Academic Press, 
Orlando, FL, 1984), pp, 1-60. 


15. 


16. 


vw. 


18. 


1 


20. 5. Pitnick, T. A. Markow, G. S. Spicer, Evolution 53, 1804 
(1999). 

J. M. Pattarini, W. T. Starmer, A. Bjork, S. Pitniick, 
Evolution 60, 2064 (2006). 

G. T. Miller, S. Pitnick, Science 298, 1230 
(2002). 

G. Lefevre Jr, U. B. Jonsson, Genetics 47, 1719 
(1962). 

L Holman, Funct. Ecol. 23, 180 (2009) 

Supported by the NSF (grants DEB-9806649 and 
DEB-0814732). We thank S. McClear for assistance 
with the protamine constructs and M. Wong for 
technical assistance. 


21. 


22, 


23, 


24, 
25. 


REPORTS [. 


Supporting Online Material 

nw sciencemag.org/cgi/contenvfullscience.1187096/DC1 
Materials and Methods 

‘SOM Text 

Figs. S1 to $13 

Table S1 

References 

Movies S1 to S6 


14 January 2010; accepted 3 March 2010 
Published online 18 March 2010; 
10.1126/science.1187096 

Include this information when citing this paper. 


Structural Basis of Preexisting 
Immunity to the 2009 H1N1 


Pandemic Influenza 


Virus 


Rui Xu,** Damian C. Ekiert,’* Jens C. Krause,” Rong Hai,? James E. Crowe Jr.,” lan A. Wilson*“t 


The 2009 H1N1 swine flu is the first influenza pandemic in decades. The crystal structure of the 
hemagglutinin from the A/California/04/2009 H1N1 virus shows that its antigenic structure, particularly 
within the Sa antigenic site, is extremely similar to those of human H1N1 viruses circulating early in 
‘the 20th century. The cocrystal structure of the 1918 hemagglutinin with 2D1, an antibody from a 
survivor of the 1918 Spanish flu that neutralizes both 1918 and 2009 H1N1 viruses, reveals an 
epitope that is conserved in both pandemic viruses. Thus, antigenic similarity between the 2009 

and 1918-like viruses provides an explanation for the age-related immunity to the current 


influenza pandemic. 


decades apart and infect a large percentage 

of the human population with substantial 
mortality. In the 20th century, three pandemics 
were caused by the emergence of different in- 
fluenza A subtypes that were antigenically 
divergent from human viruses circulating at the 
time: 1918 HINI (“Spanish flu”), 1957 H2N2 
(“Asian flu”), and 1968 H3N2 (“Hong Kong 
flu”) (/). Since April 2009, the outbreak of a 


[== pandemics in humans tend to occur 


Fig. 1. Crystal structure, phy- A AvCalifornia04/2009 
logeny, and antigenic variation A’vwine/Ohio/S1 14482007 

in influenza A 2009 H1N1 HA. 

(A) Phylogenetic tree of selected a 

H1 HAs in swine and human. ‘APverto_Rico/¥/34 

(B) Antigenic structure of CA04 

HA from the 2009 H1N1 pan- 

demic virus. A trimer complex “Ycysssoemta/e4/2008 Sagraruivancaraet omecus:Srasownrrvetrsscwerct? 


is shown in surface representa- 
tion with the antigenic sites 
highlighted: Sa site in magenta, 
Sb site, cyan; Ca site, orange; 
and Cb site, blue, Sa and Sb sites 
are located near the receptor- 
binding site. The Ca site strad- 
dles the subunit interface in 
the trimer. (C) Sequence align- 
ment of membrane-distal do- 
mains from representative H1 
HAs (38). Antigenic epitopes 
are color-coded as in (B). 
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novel influenza A HINI virus (2009 HIN1) in 
Mexico has spread globally and developed into 
the first human influenza pandemic in 40 years. 
The 2009 HINI virus has now infected the 
human population worldwide and contributed to 
at least 16,000 deaths as of 26 February 2010 (2). 

The influenza virus envelope protein, he- 
magglutinin (HA), is the principal surface antigen 
(3) and the most critical component of flu vaccines 
(4). At the beginning of a flu pandemic, pre- 
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existing immunity to the HA of the newly 
emerging virus is generally low, guaranteeing a 
large pool of susceptible hosts for rapid 
and infection of 10 to 40% of the population 
worldwide. After a new HA becomes fixed in 
circulating human viruses, it undergoes gradual 
changes in its antigenic structure in a process 
called antigenic drifi, so as to escape recognition 
by the human immune system. Such drift leads 
to loss of immunity and is associated with the 
frequent flu epidemics that occur during inter- 
pandemic periods, 

The 2009 pandemic virus HA originated 
from the swine lineage of HI HAs and closely 
resembles that of current circulating H1 viruses 
in swine (Fig. 1A) (5-7), whereas seasonal 
human H1 HAs diverged from the swine lineage 
early in the 20th century (8), Descendants of the 
human 1918 HINI virus continued to circulate 
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until the 1957 pandemic, when they were re- 
placed by H2N2 viruses. HINI reappeared in 
humans in the late 1970s, and HINI viruses 
remain a component of seasonal influenza today. 
Tn the meantime, H1 viruses continued to cir- 
culate in the swine population, remaining anti- 
genically stable and causing only sporadic 
human infections, including the 1976 outbreak 
in Fort Dix, New Jersey (9, /0). 

To understand the structural basis for the high 
antigenicity of this emerging pandemic virus, we 
determined the crystal structure of the HA from 
the HINI A/California/04/2009 (CA04) virus 
(/1), Our structural analysis reveals that the 2009 
HI HA shares conserved antigenic epitopes with 
human and swine H1 viruses from the early 20th 
century, This observation is supported by the 
crystal structure of the 1918 H1 HA in complex 
with a neutralizing antibody that cross-reacts 
with both pandemic viruses. These structures 
shed light on the basis of preexisting immunity 
against these novel HINI pandemic viruses in 
people bom early in the 20th century. 

The entire ectodomain structure of CA04 
HA was determined by molecular replacement 
at 2.6 A resolution (table S1). Its overall struc- 
ture is similar to other HI HA structures from 
avian (/2), swine (73), and human viruses (/3, 4). 
‘The HA homotrimer comprises a long, extended 
stem region and a membrane-distal, globular 
cap that includes the receptor-binding domain 
and the vestigial esterase domain. Whereas the 


Fig. 2. Antigenic sites and antigenic variation in 
H1N1 HAs. (A) Localization of H1 antigenic sites in 
the HA1 membrane-distal domain in close-up view. 
Antigenic sites are color-coded as in Fig. 1. (B to D) 
Antigenic variation of seasonal flu H1N1 HAs 
compared to CA04. Antigenic sites of three H1 HAs 
are displayed in molecular surface [(B) SC1918, (C) 
PR8/34, and (D) Brisbane2007 (current seasonal flu 
vaccine strain)]. Residual differences between CA04 
and selected H1 HAs are highlighted on the basis of 
antigenic regions (Sa, magenta; Sb, cyan; Ca, orange; 


Cb, blue). The SC1918 HA antigenic surface is highly conserved in CA04. In later 
years (1930-2007), the H1N1 HA antigenic surface has become more variable 
‘through mutations and, importantly, acquired additional N-glycosylation sites 
(shown as a cartoon with branched sticks in green) that mask the surface from 
recognition by neutralizing antibodies. The Sa region (highlighted in pink ovals) 
is the epitope for cross-reactive antibodies against 1918 and 2009 pandemic 
viruses. (E) Increased variation over these time periods is shown in the plot of 
residual differences between CA04 and selected human H1 HAs in the antigenic 


CA04/SC1918 


stem region houses the membrane fusion machin- 
ery, the membrane-distal domain mediates cell 
attachment through receptor binding and displays 
most of the epitopes for antibody recognition. 
The antigenic sites of HI HA are distributed 
roughly over four conformational epitopes (Fig. 
1, B and C) (/5—17); the Sa and Sb sites are 
proximal to the receptor-binding pocket, the Ca 
site (Cal and Ca2) is at the subunit interface, 
and the Cb site is within the vestigial esterase 
domain (Figs. 1B and 2A), The majority of the 
epitopes contain highly variable, protruding 
loops that can be accessed readily by approach- 
ing antibodies. Although the protein sequences 
are diverse, the CA04 epitopes maintain highly 
similar backbone conformations to those in other 
HI structures (/8, /9), with the only exception 
being the Cb site, in which a flexible loop adopts 
variable conformations. This structural conserva- 
tion facilitates comparisons of antigenic struc- 
tures at the sequence 
The 2009 pandemic virus displays distinct 
antigenic properties from the circulating seasonal 
HI viruses (6, 20). The previous influenza pan- 
demics of last century all were initiated by 
antigenic shift: the introduction of a new HA 
subtype into humans. The 2009 swine flu marks 
the first time that a distant variant of a current 
circulating HA subtype has triggered a new 
pandemic (2/). Vaccines for current seasonal flu 
do not elicit any cross-reactivity in humans 
against the 2009 pandemic virus, highlighting 
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their considerable antigenic divergence (22, 23). 
Furthermore, the 2009 pandemic exhibits an 
unusual pattern of age-related morbidity and 
mortality reminiscent of the 1918 Spanish flu, 
because it disproportionately affects children and 
young adults (ages 4 to 25) (24), The frequency 
of severe disease decreases with age, with the 
lowest occurrence in the population 65 years and 
older 30). The low frequency of severe 
disease associated with 2009 infection in the 
elderly, the common victims of seasonal flu, 
suggests some preexisting immunity to the 2009 
pandemic viruses (22). 

The CA04 HA structure reveals the molec- 
ular basis for its antigenic properties. Compared 
with seasonal H1 HAs, substantial amino acid 
differences are found in all four antigenic regions 
(Fig, 2, B to D), However, among other human 
viruses, the HA from the 1918 influenza pan- 
demic (A/South Carolina/1/1918, SC1918) is a 
remarkably close relative of CAQ4, with only 
20% amino acid difference in the antigenic sites. 
Moreover, these differences are restricted mainly 
to the Ca region, with high conservation of the 
Sa, Sb, and Cb epitopes. The largely conserved 
antigenic surface between SC1918 and CA04 
suggests a potential for substantial antibody 
cross-reactivity between these two pandemic 
strains. Indeed. serological tests suggest that 
individuals who likely experienced the 1918 
Spanish flu carry the highest titers of neutraliz~ 
ing antibodies against the novel 2009 HINI 
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sites over time. Sequences of H1 HA in the early half of the 20th century were 
selected from the National Center for Biotechnology Information (NCBI) 
Influenza Virus Resource (www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html). After 
1977, only the nine H1N1 vaccine strains are shown. The sequences and 
antigenic site variation of the HAs analyzed in (E) and (F) are listed in table S2. 
(F) Similar plot for the Sa site color-coded by the number of potential 
N-glycosylation sites in the Sa antigenic region (green, zero glycans; blue, one 
glycan; orange, two glycans; and red, three glycans). 
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viruses among all age groups (20, 22). In con- 
trast, the antigenic sites of all known human 
HI HAs from the 1930s to the present are high- 
ly divergent from CA04. HAs from A/Puerto 
Rico/8/1934 (PR8/34) and A/Brisbane/S9/ 
2007 (Brisbane07) differ from CA04 by 46% 
and 50%, respectively, in the residues corre- 
sponding to the antigenic sites. A comparison 
of all available HI] HA sequences with CA04 
reveals a steady increase in divergence during 
the 1930s to about 50% residue difference in 
the HA antigenic sites in the 1940s, which has 
remained stable at that level since then (Fig. 2E 
and table $2). Thus, exposure to early HIN] 
viruses that present conserved patches of anti- 
genic surface would explain production of CA04 
cross-reactive antibodies, whereas increased 
drift in later strains would make generation of 
such antibodies in the population increasingly 
rare. 

Variation in glycosylation is also used by 
influenza and other viruses to interfere with 
surveillance by the host immune system. Ac- 
quisition of a glycosylation site masks the 
protein surface from antibody recognition be- 
cause the glycans themselves are host-derived 


a4 


and hence considered as “self” by the immune 
system (3/). Whereas SC1918 HA lacks any N- 
glycosylation sites within or near Sa, human H1 
HAs have gradually acquired up to three such 
sites in the relatively conserved Sa region from 
1930 to 2007 (Fig. 2, D and F, and table $2) 
(32), paralleling the evolution of protein sequence 
differences. What is most important is that CA04 
(Fig. 2B), like SC1918, does not have any 
glycosylation in or around the Sa site; hence, 
the epitope is exposed for antibody recognition. 

In light of the relative conservation of the Sa 
site in human H1 viruses, Sa-specific antibodies 
are potentially the major underlying basis of 
age-related immunity to the 2009 HINI virus. 
Recently, antibody 2D1, isolated from an elderly 
survivor of the 1918 pandemic (33), showed 
high affinity for the pandemic 2009 HI HA 
(CA04) (Fig. 3C) and cross-neutralized the 2009 
HINI viruses in vivo (34). To understand the 
basis of 2D1 cross-reactivity against these two 
pandemic viruses, we determined the crystal 
structure of the 2D1 Fab in complex with the 
1918 HA (table $1). 

The 2D1 Fab recognizes an epitope at the 
apex of the receptor-binding domain (Fig. 3A). 
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Fig. 3. Crystal structure of cross-neutralizing antibody 2D1 in complex with C1918. (A) Antibody 2D1, 
with the light and heavy chains of the Fab in yellow and red, respectively, recognizes the Sa site of 
SC1918 HA, where HA1 is shown in magenta and HAZ in cyan in one subunit of the HA trimer (gray 
surface) with N-linked carbohydrates in yellow (carbon) and red (oxygen) balls. (B) Footprint of 
antibody 2D1 on the $C1918 HA shows the central role of the Sa site residues for 2D1 binding. The 
‘interacting surface contributed by residues from the Sa site is colored in magenta, whereas residues that 
contribute to the epitope, but are outside of the “canonical” Sa site, are colored in yellow. Sa site 
residues (e.g., 164) not in contact with 2D1 are shown in pink. $C1918 and CAO4 do not have 
N-glycosylation sites in the Sa region, whereas the vaccine strain BrisbaneO7, like many other seasonal 
H1 HAs, have acquired potential glycosylation sites at positions 129 and 163 (italics on surface). (C) 
Antibody 2D1 exhibits strong binding to both 1918 HA and CAQ4 HA but not to PR8 and HAs of other 
‘influenza subtypes, as tested in enzyme-linked immunosorbent assay. 
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The footprint of the Fab on the HA largely 
coincides with the previously defined Sa re- 
gion but extends its boundaries (/5, /6) (Fig. 
3B). Binding of 2D1 to SC1918 HA buries a 
total surface area of 1506 A? (743 A? on HA 
and 763 A? on the Fab) with typical, heavy 
chain-dominant binding [~63% on the variable 
region of the immunoglobulin heavy chain (Vj) 
and 37% on the variable region of the immuno- 
globulin light chain (V;_)]. The epitope is confor- 
mational and consists primarily of HA1 residues 
125C to 129 and 157 to 169 (Fig. 3B and table 
$3). Heavy chain complementarity-determining 
region | (HCDR1) adopts an unusual, open loop 
conformation when compared with other Fab 
structures that have identical HCDR I sequences 
(fig. $2). As a result, HCDRI makes few 
contacts with HA and is likely very flexible in 
solution (35). Instead, HCDRs 2 and 3 dominate 
the interaction, along with light chain CDRs 
(LCDRs) | and 3. The heavy and light chains 
recognize separate, nearly discontinuous surfaces 
on HA, with a small cavity being formed at the 
junction between Vj, Vi, and the HA. Of the 18 
HA residues contacting Fab 2D1, 11 lie within 
the previously defined Sa site, accounting for 
three of three salt bridges, 7 of 13 hydrogen 
bonds, and 92 of 123 van der Waals contacts. 
Indeed, the Sa site comprises the centerpiece of 
the antibody binding surface for 2D1, with the 
remaining contact residues lining its borders 
along the periphery of the Fab-HA interface 
(Fig. 3B). 

The antibody binding site for 2D1 is well 
conserved in SC1918 and CA04, but not in 
seasonal HAs (table $3). A conservative varia- 
tion at position 169 in HAI (Val in SC1918 and 
Tle in CA04) and a Ser'®’ to Asn'*? (SIS9N) 
substitution are the only differences within the 
2D1 footprint between these two pandemic 
viruses and do not appear to adversely affect 
2D1 binding (Fig. 3B and table $3). Val! lies 
on the edge of the 2D1 epitope and makes a 
single van der Waals contact with HCDRI. 
Ser'® also lies along the periphery and makes 
minor contacts with the highly flexible HCDR1 
and a single contact with HCDR3. The 1934 
PR8 isolate carries three amino acid variations 
from SC1918 in that region, all of which lie 
within the Sa site, including Lys'® + Asn'° 
(KI66N), which would abolish the salt bridge 
with Asp”? in the 2D1 light chain. Mutations of 
Lys' significantly decrease binding affinity for 
antibody 2D1 (table S3). Furthermore, escape 
mutants for 2D1 were also selected at position 
166 in 2009 HINI, as well as in SC1918 human 
and 1930 swine viruses (33, 34). BrisbaneO7 
shows an even more diverse antigenic surface. 
Seven amino acid differences from SC1918 
(three of which map to Sa), along with two 
potential N-glycosylation sites in the center of 
the epitope, reveal why 2D1 does not cross- 
react with the current seasonal viruses. 

This increased divergence in the antigenic 
surface of human HINI viruses, especially the 
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Sa site, directly correlates with decreasing an- 
tibody cross-reactivity to CA04 among serum 
donors when grouped by age (22, 23). Thus, the 
highest titers of cross-reactive antibodies to 
CA04 are elicited in the population born before 
the 1930s and °40s, whereas individuals born 
after ~1940 generally have lower titers and lack 
cross-protection from previous exposure to 
influenza viruses, except for U.S. adults immu- 
nized with the swine A/NJ/76 vaccine (. 
Current vaccine guidelines place those 65 and 
above into the less-at-risk group with lower 
priority for vaccination (25), consistent with 
the extent of the antigenic variation observed 
in the H1 HA structures since 1918. Cross- 
reactive antibodies elicited by infection with 
HINI viruses in the first few decades of the 20th 
century, along with preexisting cell-mediated im- 
munity (36, 37), contribute to the overall ler 
symptoms and lower-than-expected mortality 
rate in the elderly, 
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Divided Representation of Concurrent 
Goals in the Human Frontal Lobes 


Sylvain Charron*? and Etienne Koechlin*?** 


The anterior prefrontal cortex (APC) confers on humans the ability to simultaneously pursue several 
goals. How does the brain's motivational system, including the medial frontal cortex (MFC), drive 
the pursuit of concurrent goals? Using brain imaging, we observed that the left and right MFC, which 


jointly drive single-task performance according to expected rewards, divide under dual-task conditions: 


While the left MFC encodes the rewards driving one task, the right MFC concurrently encodes those 
driving the other task. The same dichotomy was observed in the lateral frontal cortex, whereas the 
APC combined the rewards driving both tasks. The two frontal lobes thus divide for representing 
simultaneously two concurrent goals coordinated by the APC. The human frontal function seems limited 
to driving the pursuit of two concurrent goals simultaneously. 


the so-called frontopolar cortex, subserves 
the human ability to engage in multitask- 
ing behaviors and to pursue multiple goals con- 
currently (1-4). More specifically, the frontopolar 
cortex subserves cognitive branching, ie., the 


T anteriormost part of the frontal lobes, 


temporary maintenance of a task in a pending 
state during the performance of an alternative 
task (/, 4, 5). This frontopolar function operates 
in relation to expected rewards (5, 6). However, 
it remains unknown how the brain’s motivation- 
al system, especially the medial frontal cortex 
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(MFC) that monitors motivationally salient events 
and drives ongoing behavior according to ex- 
pected rewards (6-1/), drives the pursuit of con- 
current goals and related performance. On the 
basis of a neurocomputational model (4), we 
conjectured that MFC resources divide to con- 
comitantly maintain separate representations of 
rewards expected from two concurrent tasks, 
whereas frontopolar activations implementing 
cognitive branching result from the integration 
of both expected rewards, 

We tested this conjecture using functional 
magnetic resonance imaging and standard tasks 
(/, 12), We recorded brain activity in 32 healthy 
right-handed participants while they were per- 
forming a backward letter-matching task on a 
series of visually presented letters, Contextual cues 
appeared at random times and instructed par- 
ticipants to start a secondary backward letter- 
matching task by either abandoning the primary 
task (switching condition) or delaying its execu- 
tion (branching condition) (Fig. 1). When con- 
textual cues disappeared, participants abandoned 
the secondary task and either started the primary 
task over again (switching condition) or reverted 
back to the primary task awaiting execution 
(branching condition). In the switching condition, 
the execution of primary and secondary task cor- 
responded to successive single-task performances. 
In the branching condition, by contrast, secondary 
task performance corresponded to dual-task per- 
formance, because secondary tasks were executed, 
while primary tasks were awaiting subsequent 
execution, In both conditions, furthermore, letters 
were accompanied by incentive cues indicating 
the reward associated with the ongoing task, which 
could be either small or large and was camed 
‘only when the task was performed with no er 
rors. Thus, the protocol formed a 2 * 2 * 2 
factorial design crossing condition (switching 
versus branching), primary task reward (small 
versus large), and secondary task reward (small 
versus large) as within-subject factors. 

Behavioral results confirmed that in both con- 
ditions, primary and secondary rewards drive 
primary and secondary task performance, respec- 
tively: Reaction times (RTs) and error rates (ERs) 
for primary tasks decreased when primary re- 
wards increased (both F's > 9.85, P < 0.004), 
notably in the retum trials immediately following 
secondary task performance (RTs: F = 3.80, P = 
0.06; ERs: F = 7.07, P = 0.012; Fig. 2, E 
and F). All these effects were independent of 
conditions and secondary rewards (all two- and 
three-way interactions: /’s < 2.23, P > 0.15). 
Similarly, RTs for secondary tasks decreased when 
secondary rewards increased (F = 10.11, P = 
0.003; interaction with condition: F = 1.17, P= 
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0.29). ERs for secondary tasks exhibited a similar 
but not significant trend (Fig. 2, A and B). These 
effects were also independent of conditions and 
primary rewards (all two- and three-way inter- 
actions: F’s < 2.86, P > 0.1), except the effects of 
secondary rewards on RTs, which attenuated when 
primary rewards became larger (interaction 
primary * secondary rewards on RTs: F = 13.0, 
P= 0,001). This attenuation effect was virtually 
identical in both conditions (three-way interaction 
for RTs: F = 0.1), thereby reflecting the deval- 
uation of secondary rewards when large primary 
rewards were already expected. 

Tn the branching condition, MFC motivational 
resources presumably divide during secondary task 
performance between the two tasks, Consequent- 
ly, the performance of secondary tasks should be 
affected by the allocation of motivational resources 
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to primary tasks awaiting execution, Consist- 
ently, secondary task performance was altered in 
the branching compared to switching condition 
(RTs and ERs: both F's > 16.37, P < 0.001), 
and this branching-related alteration increased 
with primary rewards (interaction condition 
primary rewards for RTs: F = 3.72, 0.063; 
for ERs: F = 7.97, P = 0.008; Fig. 2, C and D). 

Consistent with previous results (/0, 13, 14), 
brain activations in single-task trials (secondary 
task performance in the switching condition) 
show that the MFC bilaterally drives single-task 
performance according to rewards (/2), In 
single-task trials, the main effect of secondary 
rewards involved bilaterally the dorsal anterior 
cingulate cortex (AACC) and pre-supplementary 
motor area, Consistently, the same effect also 
involved bilaterally the ventral striatum, insula, 


Fig. 1. Behavioral pro- Secondary task reward 

tocol. Blocks of succes- 

sively presented stimuli = ; Saal 

(letters from the word 2 | 

"tablet’) formed the fac- A i OCT | OW ay 8 is 
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block ended by a visual 
feedback (not shown) in- 
dicating the actual mon- 


etary reward obtained from this block. Subjects started each task by determining whether the first letter 
was a “t”, then proceeded by determining whether two successively presented letters were also in 
immediate succession in the word “tablet” (upper and lower arrows show successive letter matching for 
the primary and secondary task, respectively). All task parameters (letter identity, stimulus-onset 
asynchrony, trial number, response side, block order) were pseudo-randomized and orthogonalized with 


experimental factors (12). 
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and lateral prefrontal cortex. As expected, all 
these activations were unaffected by primary re- 
wards (main and interaction effect: all F’s < 1.16, 
P’s > 0.29) (fig, S1). 

Compared to single-task trials, dual-task trials 
(secondary task performance in the branching 
condition) engaged bilaterally the frontopolar re- 
gions previously shown to subserve cognitive 
branching (/, 3) (12) (Fig. 3 and fig. $2, A and 
B, orange regio din agreement with the 
top-down, rostrocaudal cascade of prefrontal con- 
trol processes (/5); lateral prefrontal, dorsal pre- 
motor, and inferior parietal cortex (fig. $2). 

Consistent with the conjecture, dual-task trials 
also engaged the MFC regions reported above (fig. 
S1). Furthermore, in dual-task trials, these regions 
maintained separate representations of primar 
secondary rewards (/2), The main effect of sec 
ary rewards involved only the right dACC, where- 
as the main effect of primary rewards involved the 
left dACC only (Fig. 3, E and F): Right activations 
increasing with secondary rewards were unaffected 
by primary rewards, whereas left activations in- 
creasing with primary rewards were unaffected by 
secondary rewards (main and interaction effects: 
F's <1), Statistical independent analyses confirmed 
the lateral segregation of such reward effects 
(Fig. 4). Furthermore, the primary reward effect 
in dual-task trials could not simply result from 
rewards at stake in the preceding or subsequent 
performance of primary tasks, because in single- 
task trials primary rewards had no effects. The 
left ACC therefore encoded the primary rewards 


Fig. 3. Reward-related ac- 
tivations in dual-task trials. 


driving the actual maintenance of primary tasks 
in a pending state, while the right (ACC was en- 
coding the secondary rewards driving the con- 
comitant performance of secondary tasks. 

By contrast, the aforementioned frontopolar 
regions showed no independent effects of pri- 
mary and secondary rewards in dual. trials 
(both F's < 2, P > 0.17). Instead, dual-task ac- 
tivations in these regions increased only when 
primary and secondary rewards jointly increased 
(Fig, 3, A and B). This finding matches the com- 
putational model prediction that the involvement 
of frontopolar resources in carrying out cognitive 
branching varies as a strongly nonlinear combi- 
nation of rewarding values of concurrent tasks 
(4), which reflects the incentives of pursuing the 
two goals concurrently. 

The other reward-related activations on dual- 
task trials (/2) were found in the ventral tegmental 
area (secondary reward effect only, fig. $4) and 
aforementioned dorsal premotor region 
showed the same segregation as the dAC 
premotor activations increased with secondary 
rewards, whereas left premotor activations in- 
creased with primary rewards only (all other main 
and interaction effects: P’s > 0.26) (Fig. 3, C and 
D, and fig. $3). In single-task trials, these pre- 
motor regions exhibited a secondary reward effect 
only (F = 8.7, P < 0,006; all other effects: P > 
0.1). Knowing that dorsal premotor regions en- 
code stimulus-response associations in relation 
with expected rewards (/5-/7), we concluded 
that in dual-task trials, left and right premotor 
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regions divide and separately represent letter- 
response associations related to the pending and 
ongoing task, respectively. 

‘Additional analyses [see supplementary re- 
sults in supporting online material (SOM) text] 
confirmed the dichotomy observed in dual-task 
trials between the left and right frontal lobe with- 
in the dACC and premotor cortex. The dissoci- 
ation cannot be ascribed to differences between 
concurrent tasks. Response sides were balanced 
across tasks, conditions, and rewards. Both 
involved identical reward schemes and letter- 
response sets (Fig, 1) and should preferentially 
involve the left frontal lobe (/8). The two frontal 
lobes therefore divide for disentangling and driv- 
ing independently the two concurrent tasks, Ac- 
cordingly, the right lobe drove the secondary task 
in dual-task trials presumably because in the pre- 
ceding trials, the primary task started to engage 
predominantly the left lobe, and/or the right 
frontal lobe is biased toward controlling exter- 
nally oriented mental activity (/9), 

If disentangling and driving two concurrent 
tasks involves the two frontal lobes, then the 
frontal function should be unable to accurately 
drive more than two concurrent tasks at one time, 
We tested this prediction on 16 additional healthy 
participants using a self-paced behavioral protocol 
including the simple branching condition de- 
scribed above and a double branching condition, 
which required participants to also delay the sec- 
ondary task performance in order to first execute 
a tertiary task (triple-task performance) (fig. S5), 


O Primary | Reward 
Secondary effects 


F=6.4 


eal Dual-task 
] F270! 


MR bold signal changes 


Left 
dACC 


Right 


Fig. 4. Reward effects on left and right dACC 
activations. Analyses of variances statistically 
independent of cluster identifications crossing pri- 
mary rewards, secondary rewards, and hemispheres 
as within-subjects factors (SE across subjects) in 
single- and dual-task trials. (*) Significant post-hoc 
effects at P < 0.05 (see supplementary results in 
SOM text). 
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The hypothesis predicts that in the double condi- 
tion, participants should be impaired only in retum- 
ing to pending tasks. Furthermore, retum ERs 
should be close to the theoretical level (=25%) 
(12) predicted by the ability to drive only a single 
pending task during tertiary task performance. 
As predicted, RTs and ERs recorded in the 
different tasks were similar between the two 
branching conditions (F < 1), except return ERs 
(F = 20, P< 0.001; fig. $6); Return ERs in the 
double condition (primary task: 21.3%; second- 
ary task: 20.0%) were three times as large as 
those in the simple condition (7%) and similar 
to the predicted level (=25%, both F's < 1.25, P> 
0.23), This poor accuracy confined to retum trials 
can be ascribed neither to time pressure, global 
cognitive factors (attention, motivation, etc.), speed- 
accuracy trade-off, nor increased working-memory 
load (see Supplementary Discussion in SOM 
text). Instead, the results support the hypothesis 
that the frontal function is unable to accurately 
drive more than two concurrent tasks at one time, 
Our results show that the dACC represents 
concurrently immediate and future behavioral 
goals, i.e., the rewards driving ongoing behavior 
and those pertaining to subsequent behavior, 
whereas frontopolar regions implementing branch 
ing processes are increasingly recruited according 
to the incentives of pursuing the two goals con- 
currently, i.e., the joint increases of both expected 
rewards. This finding is consistent with reciprocal 
projections connecting the dACC and frontopolar 
cortex (20, 2/) and with previously proposed 
neurocomputational mechanisms of frontopolar 
function (4). Because the (ACC monitors reward- 
ing values of action sets according to outcomes 
(6, 9, 11, 22), our results indicate that the inter- 


play between the dACC and frontopolar cortex 
has a central role in forward and backward infer- 
ences underlying human reasoning (4, 23), ie., in 
evaluating alternative or future courses of action 
according to outcomes of ongoing action or con- 
versely, evaluating such outcomes according to fu- 
ture goals and arbitrating between concurrent plans, 

Moreover, the two frontal lobes, which jointly 
drive the pursuit of a single goal, divide for driv- 
ing concurrently the pursuit of two independent 
goals. This finding suggests that the human frontal 
function is limited to accurately driving the pursuit 
of two concurrent goals at one time. Consistent 
with the previously suggested inability of fronto- 
polar function to recursively compute cognitive 
branching (4), this capacity limit places a severe 
constraint bearing upon human higher cognition 
and may clarify several limitations in human 
decision-making and reasoning abilities (4). How- 
ever, no functional dichotomies were observed in 
the lateral prefrontal and frontopolar cortex de- 
spite their involvement in dual-task performance, 
indicating that these regions in both hemispheres 
jointly control the serial execution of tasks rather 
than processing them independently. The lateral 
prefrontal and frontopolar cortex thus appear to 
maintain the integrity of volition, at least in 
healthy human brains. 
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Cbln1, secreted from cerebellar granule cells, and the orphan glutamate receptor 52 (GluD2), 
expressed by Purkinje cells, are essential for synapse integrity between these neurons in adult 
mice. Nevertheless, no endogenous binding partners for these molecules have been identified. 
We found that Cbln1 binds directly to the N-terminal domain of GluD2. GluD2 expression by 
postsynaptic cells, combined with exogenously applied Cbln1, was necessary and sufficient to 
induce new synapses in vitro and in the adult cerebellum in vivo. Further, beads coated with 
recombinant Cbln1 directly induced presynaptic differentiation and indirectly caused clustering of 
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lar circuits; the numbers of parallel fiber (PF) 

Purkinje cell synapses are specifically and 
dramatically reduced in the GluD2-null cerebel- 
lum (/). In addition, GluD2 rapidly induces 
synapse formation (2) and is essential for synapse 
maintenance in the adult cerebellum (3). CbIn1, a 
member of the Clq tumor necrosis factor su- 
perfamily (4), is expressed and secreted from 
cerebellar granule cells, The behavioral, physio- 
logical, and anatomical phenotypes of chin /-null 
mice precisely mimic those of GluD2-null mice 
(5), which suggests that CbIn1 and GluD2 may 
be engaged in a common signaling pathway that 
is required for the formation and maintenance of 


*Department of Physiology, School of Medicine, Keio Uni- 
versity, Tokyo 160-8582, Japan. “Department of Anatomy, 
Hoklaido Univesity Graduate School of Medicine, Sapporo 
060-8638, Japan. ‘Division of Cerebral Structures, National 
Institutes for Physiological Sciences, Okazaki 444-8787, Japan. 
“Department of Cellular Neurobiology, Graduate School of 
Medicine, University of Tokyo, Tokyo 113-0033, Japan. 
“Molecular Neurophysiology, Neuroscience Research Institute, 
National institute of Advanced Industrial Science and Technology, 
Tsukuba 305-8566, Japan. 


“To whom correspondence should be addressed. E-mail: 
myuzaki@a5.keio.jp 


16 APRIL 2010 


363 


S 


i REPORTS 


PF synapses (6, 7). Nevertheless, a binding part- First, we tested if hemagglutinin (HA)-tagged GluD2. In contrast, HA-Cbin! did not bind to 
ner for CbinI has remained elusive. Therefore, recombinant CbinI could bind to GluD2 using expressing the GluK2 kainate receptor, a 
we examined the hypothesis that GluD2 serves cell-based assays (8). Immunohistochemical — different member of the iGluR family. To exam- 
ptor for Cbin! and that this receptorcom- (Fig. 1A) and immunoblot (Fig. 1B) analyses _ ine the GluD2 region responsible for this bind- 
regulate cerebellar synapse formation revealed that HA-CblnI could bind to human ing, we interchanged the extracellular domains 
and maintenance. embryonic kidney (HEK) 293 cells expressing of GluD2 and GluK2 (Fig, 1A). HA-Cblin1 could 
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analyzed in three independent experiments. **P = 2.37 x 10°*. (F) Wild-type (wt) and 

GluD2-null cerebella immunostained for Cbin1 (red) and calbindin (green). (Bottom) 

Enlarged images of the molecular layer. Arrows indicate Cbin1 immunoreactivity on the dendritic spines. Scale bars, 20 um and 1 um. (G) Postembedding 

immunogold EM images of endogenous Cbln1. Cbin1 and vesicular glutamate transporter 1 (a marker for parallel fiber) were immunolabeled with 10-nm 
(arrows) and 15-nm gold particles, respectively. Arrowheads indicate the edges of the PSD on Purkinje cell spines (sp). Scale bar, 100 nm. 
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bind to HEK293 cells expressing GluD2°* 
GluK2, in which the extracellular domain of 
GluD2 replaced that of GluK2, whereas no bind- 
ing was observed for HEK293 cells expressing 
GluK2“'GliD2, in which the extracellular do- 
main of GluK2 replaced that of GluD2 (Fig. 1, 
A and B). To further narrow down the binding 
site for Cbin1 within the extracellular domain, 
which comprised an N-terminal domain (NTD) 
and a ligand-binding domain (LBD), we in- 
troduced various mutations in these domains, 


Fig. 2. Cbln1 and the NTD of A 
GluD2 cooperatively induce syn- 
aptogenesis in vitro and in vivo. 
(A) HEK293 cells expressing 
Glub2, Glub2“", or Gluk2 and 
GFP were cocultured with wild- 
type (wt) or cblnI-null cerebellar 
granule cells with or without HA- 
Cbln1 or HA-CS-Cbin1. HEK293 
cells were immunostained for GFP 
(green) and synaptophysin (Syn; 
red) and the mean intensities of 
synaptophysin immunoreactivity 
in the GFP-positive area are 
quantified. Scale bar, 50 um. At 
least 24 fields were analyzed in 
three independent experiments. 
“P= 9.22 x 10. (B) GluD2“? 
and Cbln1 induced functional 
synapses of granule cells. GluD2“”?- 
Fc or HA-Fc was conjugated with 
protein G beads (green) and added 
to cbin1-null cerebellar granule cells 
with or without HA-Cbln1. Func- 
tional presynaptic terminals were 


Gub2, Gud? 


Most mutants did not reach the cell surface 
(fig. S1), except for GluD2*“™, in which the 
NTD was deleted (2), Nevertheless, no binding 
was observed for HA-Cbln! in cells expressing 
GluD2“™ (Fig. 1, A and B). 

To confirm whether the NTD of GluD2 
(GluD2“"™) was a binding site for CbinI, we 
purified GluD2“"? by fusing it to an immuno- 
globulin Fe fragment. The NTDs of GluK2. 
the AMPA receptors GluAl and GluA2, and 
the extracellular domain of the CD4 lympho- 


1 granule calls 
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cyte surface protein were used as controls. Immu- 
noblot analysis showed that HA-Cbln! bound 
specifically to GluD2"-Fe (Fig, 1C), The amount 
of bound HA-Cbin1 increased with high doses of 
HA-CbinI (apparent binding dissociation con- 
stant of ~167 nM) (Fig. 1D). 

We assumed that if GluD2 is a receptor for 
Cbin1, the binding of exogenously applied CbIn1, 
as well as endogenous Cbin1, should be reduced 
for GluD2-null Purkinje cells, First, we incubated 
cerebellar cultures [14 to 16 days in vitro (DIV)] 
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labeled with FM4-64 (red), and the 
mean intensities in the bead areas 
are quantified. Arrows indicate 
FM4-64 fluorescence around the 
beads. Scale bar, 20 um. At least 
150 beads were analyzed for each 
group in two independent exper- 
iments. *P = 9.52 x 10”. (C) 
EM analysis on the effect of HA- 
Cbin1. Two days after we injected 
HA-Cbin1, the percentage of nor- 
mal synapses (asterisks) was 
counted in cbind-null, GluD2-null, 
and cbln1/GluD2-null mice. Free 
spines and mismatched synapses 
are indicated by f and m, respec- 
tively. Scale bars, 500 nm. **P = 
5.14 x 10™*, (D) Functional resto- 
ration of PF synapses. PF-evoked 
EPSC traces (middle traces) were 
recorded in cbln1/GluD2-null 
Purkinje cells transduced with Sin- 
GFP or Sin-GluD2-GFP after the 
subdural injection of HA-Cbln1 in 
acutely prepared cerebellar slices. 
GluD2 (red) is expressed in GFP 
(green)-positive Purkinje cell spines 
(arrows). Scale bars, 20 um and 
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2 um. The averaged input-output relationship of PF-EPSCs for each condition (n = 30 each) is summarized in the lower graph. **P = 0.0032 (+HA-Cbln1+GluD2 
versus -+cont.), **P = 0.001 (+HA-Cbln1+GluD2 versus +GluD2) at 200 A. 
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with HA-Cbin1 and performed immunohisto- 
chemical analysis with antibodies against HA 
and calbindin (a marker for Purkinje cells). A 
mutant CbInl (HA-CS-Cbin1), in which h 
mer formation was disrupted by replacing two 
cysteines with serines (9), was used as a negative 
control (/(), Strong punctate immunoreactivity 
for HA-Cbln1, but not for HA-CS-Cbin1, was ob- 
served along the dendrites of wild-type Purkinje 
cells. In contrast, HA-CbinI did not bind to 
GluD2-null Purkinje cells (Fig. 1E). Next, we 
used antigen-exposing methods, i.c., pepsin pre~ 
treatment for light microscopy and postembed- 
ding immunogold for electron microscopy, to 
visualize endogenous Cbln! in the cerebellum 
(/1) using specific antibody (fig. $2). Immunohis- 
tochemical analysis of cerebellar slices detected 
punctate Cbin1 immunoreactivity in the molecular 
layer of the wild-type, but not the GiluD2-null, 
cerebellum (Fig. IF). Similarly, postembedding 
immunogold electron microscopic (EM) analysis 
found that CbIn! immunoreactivity, which w: 
highly abundant at PE-Purkinje cell synaptic clefis 
in the wild-type cerebellum [7.8 + 0.7 particles/jum 


versus 0.01 
membrat 
null cerebellum (0.2 + 0.1 particles/jum of PSD, 
n= 70 spines) (Fig. 1G). In contrast, immunoblot 
analysis indicated that the Cbin1 protein levels 
for wild-type and GiwD2-null cerebella were 


Fig. 3. Cbin1 is a direct pre A 
synaptic organizer. (A to C) HA-Cbin1 
or HA-CS-Cbln1 was conjugated 
with beads and added to cbin1- 
null granule cells at 8 DIV as 
illustrated in the schematic dia- 
gram. (A) HA-Cbln1 immobilized 
on beads was sufficient for the 
accumulation of presynaptic ter- 
minals. (Left) Confocal images of 
granule cells (13 DIV) immuno- 
stained for synapsin | (red) and 
beads (green). Regions marked by 
the white boxes are enlarged 
below. Scale bars, 50 jum and 20 
tum. The averaged intensity of 
synapsin | in the bead area is 
quantified on the right. At least 
30 fields were analyzed in three 
independent experiments. **P = 
1.05 x 10°™. (B) HA-Cbin1 
immobilized on beads was suffi- 
cient for the accumulation of 
functional presynaptic terminals. 
At 13 DIV, functional presynaptic 
terminals were labeled with FM4- 
64 (red). Scale bar, 20 jum. (C) 
Synaptic terminals were directly 
induced by HA-Cbln1—coated 
beads. Synapsin |-immunopositive 
terminals (red) were induced 
around HA-Cbln1—coated beads 
(arrowheads), which were located 


synapsin | 


similar (fig. $3) (7). which suggested that endog- 
enous CbinI may have been washed away from 
the GluD2-null cerebellum during the immuno- 
staining procedures 

To identify a role for CbinI-GluD2 inter- 
actions in synapse formation, we performed a 
neuron-HEK293 cell coculture assay. GluD2 
expressed in HEK293 cells has been shown to 
induce synapse formation with cocultured wild- 
type granule cells in vitro (Fig. 2A) (2, /2, /3), 
However, HEK293 cells expressing GluD2 did 
not accumulate in the synaptic terminals (im- 
munopositive for synaptophysin) of cbin/-null 
granule cells (F ). Similarly, HEK293 cells 
expressing GluD2“%™ did not accumulate in the 
synaptic terminals of wild-type granule cells 
(Fig. 2A). In contrast, when HEK293 cells ex- 
pressing GluD2, but not those expressing GluK2, 
were incubated with HA-CbIn1, they were 
able to form synapses even with chin/-null 
granule cells (Fig. 2A). Although applying 
HA-CbinI induced PF synapse formation in 
dissociated chin /-null Purkinje cells in culture, 
it failed to do so in GluD2-null or chinI- and 
GluD2-double null (cbin!/GluD2-null) Purkinje 
cells (fig. $4). Finally, wild-type Purkinje cells 
incubated with GluD2‘'?-Fe showed a signit 
icant reduction in synaptophysin immunoreac- 
tivity on their dendrites compared with those 
treated with HA-Fe (fig. $5), which suggested 
that GluD2“™?-Fc inhibited synaptogenesis, prob- 


HA-CS-Cbin1 HA-Cbin1 


HA-Chin1 


at extrasynaptic sites lacking endogenous AMPA receptors (pan GluA, green). Scale bar, 20 um. 
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ably by disrupting endogenous Cbln1-GluD2 
interactions. 

To determine whether synapses that formed 
by the CblnI-GluD2 interactions were function- 
al, we assessed the uptake of the fluorescent 
styryl dye FM4-64 into presyns 
We incubated chin/-null g Is with 
protein G beads coupled to GluD2“"-Fe or 
HA-Fe along with HA-Cbin1. Significant FM4- 
64 fluorescence was detected on the beads 
coupled to GluD2“"?-Fe only when HA-Cbin1 
was coapplied (Fig. 2B), 

To determine whether the Cbln1-GluD2 
complex was also capable of inducing function- 
al synapses in vivo, we injected HA-Cbin1 into 
the subarachnoid supracerebellar space above 
the cerebellar vermis in adult chin/-null (10), 
GluD2-null, or cbln1/GluD2-null mice, Chin! 
GluD2-null mice displayed ataxia (fig. $6) and a 
reduced number of PF-Purkinje cell synapses 
(Fig. 2C) (5). Although a single injection of 
HA-CbinI (1 g/g body weight) restored the 
ultrastructures of PF-Purkinje cell synapses in 
adult cbin/-null mice (/0), it was ineffective in 
the GluD2-null or cbin1/GluD2-null cerebellum 
(Fig. 2C), We also ed the recovery of 
functional PF-Purkinje cell synapses by recording 
PF-evoked excitatory postsynaptic currents (PF- 
EPSCs) using the whole-cell recordings in cere- 
bellar slices. We injected Sindbis virus camying a 
gene encoding GluD2 with green fluorescent 
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protein (GEP) (Sin-GliD2-GFP) into the suba 
achnoidal space of chin!/GluD2-null mice (aged 
26 to 33 days) with or without HA-Cbin! (Fi 
2D), Although the expression of GluD2 restored 
the reduced PF: in adult GluD2-null mice 
(2), it was ineffective for cbin!/GluD2-null Purkinje 
s (Fig, 2D), When HA-Cbln! was injected 
together with Sin-GluD2-GFP, cbln!/GluD2 
null Purkinje cells displayed PF-EPSCs compa- 
rable to those in wild-type Purkinje cells, and 
these were significantly larger than those trans- 


cel 


duced with Sin-GluD2-GFP or Sin-GFP [1 = 30 
each; analysis of variance (ANOVA) followed by 
Bonferroni test, P < 0.001] (Fig. 2D) 
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To further define the roles of each component 
of the CbinI-GluD2 complex for organizing 
pses, we used a bead-induced synaptic dif- 
ferentiation assay. First, to examine if Cbin1 
alone could induce presynaptic terminals, we 
incubated cbin/-null granule cells with beads 
coated with HA-CS-Cbin! or HA-Cbin! (Fig. 3A). 
Immunocytochemical analysis using an antibody 
against synapsin I (a marker for presynaptic 
terminals) revealed that presynaptic terminals 
accumulated only on beads coated with HA- 
Cbin1, even in the absence of GluD2 (Fig, 3A). 
In addition, significant FM4-64 fluorescence wi 
detected on the beads coated with HA-Cbin1 
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(Fig. 3B). Further, synapsin -immunopositive 
terminals accumulated around HA-Cbln1—coated 
beads at extrasynaptic sites that lacked endoge- 
nous AMPA receptor clusters (Fig. 3C). 

To determine whether the Cbln1-GluD2 
complex could also convey signals to post- 
synaptic sites, we incubated chin /-null Purkinje 
cells with beads coated with HA-Cbin1, Immu- 
nocytochemical analysis showed that GluD2 
clustered in Purkinje cells around beads coated 
with HA-CbIn1, but not those coated with HA- 
CS-Cbin1 (not shown) or beads alone (Fig. 4A). 
GluD2 clustering was also induced around HA- 
CbIn|-coated beads at extrasynaptic sites that 


Fig. 4. Cbin1 directly pro- 
motes the clustering of GluD2 
and other postsynaptic mole- 
cules. (A to C) Control or HA- 
Cbin1—conjugated beads 
were added to cbini-null 
Purkinje cells at 7 DIV, as il- 
lustrated in the schematic 
diagram. (A) HA-Cbin1 immo- 
bilized on beads caused the 
clustering of endogenous 
GluD2 (red) in Purkinje cells 
(calbindin; green) at 10 DIV. 
Dendrites marked by the 
white boxes in the top panels 
are enlarged below. Scale bars, 
50 um and 20 um. (B) HA- 
Cbln1—coated beads (blue) 
caused the clustering of GluD2 
(green) and indicated post- 
synaptic proteins (red) in cbin1- 
null Purkinje cells. Arrowheads 
indicate accumulated GluD2 
around the beads. Scale bar, 
20 um. (C) Accumulation of 
postsynaptic molecules in- 
duced by HA-Cbln1—coated 
beads requires GluD2. HA- 
Cbin1—conjugated beads (blue) 
were added to cbin1-null or 
cbin1/GluD2-null: Purkii 
cells and immunostained for 
calbindin (green) and each 
postsynaptic marker (red). 
Scale bar, 20 jm, (D) The 
density of endogenous GluD2 
was reduced in cbln1-null syn- 
apses in vivo. GluD2 immuno- 
positive particles (blue) were 
visualized using the SDS-FRL 
method in the molecular layer 
of the wild-type or cbin1-null 


a cerebellum. The density of 
+ homers GluD2 jin intact synapses ac- 
* shank2 


companied by the presynaptic 
protoplasmic face is plotted 
as an occurrence histogram. 
At least three replicates were 


analyzed for two mice. **P = 2.55 x 10~*2. (E) Proposed mechanism for Cbin1-GluD2 signaling as a 
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lacked endogenous synapsin I-immunopositive 
presynaptic terminals (fig. S7). Further, HA- 
Cbin1-coated beads induced clustering of GluD2 
and GluD2™'-GluK2, but not GluD2*N", GluK2, 
or GluK2*“-GluD2, in HEK293 cells (fig. $8). 

The C terminus of GluD2 interacts directly 
with several intracellular molecule: ch as 
shank-2 (15) and PSD-93/95 (16); many of 
these serve as scaffolds for other postsynaptic 
molecules, including homer-3, transmembrane 
AMPA receptor regulatory protein (TARP), and 
AMPA glutamate receptors (GluAs). Thus, we 
examined if the clustering of GluD2 induced by 
the CbIn1-coated beads might accumulate with 
other postsynaptic molecules in Purkinje cells. 
With GluD2, shank-2, homer-3, and GluA2 clus- 
tered in Purkinje cells around the beads coated 
with HA-Cbln! (Fig, 4B). In contrast, HA-Cbin} 
coated beads did not accumulate gephyrin [an 
anchoring protein for the y-aminobutyric acid 
(GABA) receptor] (Fig. 4B) or excitatory amino 
acid transporter 4 (EAAT4, a neuronal glutamate 
transporter) (fig. $9) in Purkinje cells. HA- 
CbIn1-coated beads did not induce clustering of 
shank-2 or GluA2 in cb/n//GluD2-null Purkinje 
cells (Fig. 4C). Shank-2 and PSD-95 accumu- 
lated around HA-CbIn1-coated beads only when 
the responsible C-terminal domains of GluD2 were 
intact (fig. $10), 

To further identify a role for Cbin1 as a 
postsynaptic organizer in vivo, we examined 
if the distribution of GluD2 was affected in 
cbin1-null Purkinje cells using the SDS-digested 
freeze-fracture replica labeling (SDS-FRL) meth- 
‘od, which has a nearly one-to-one detection sen- 
sitivity for each iGluR on the surface of the 
postsynaptic membrane specialization (17). To 
exclude a possible effect of the presence of non- 
innervated spines in the chin/-null cerebellum 
(Fig. 2C), we counted the number of immuno- 
particles detected by GluD2-specific antibody 
(fig. S11) in intact synapses, which were accom- 
panied by the presynaptic protoplasmic face. 
The number of GluD2 immunoparticles located 
on postsynaptic membranes was significantly 
reduced in cb/n/-null Purkin, Is (Fig. 4D, 
P< 0,001), which indicated that Cbin1 serv 
a postsynaptic organizer in vivo and contributes 
to the clustering of postsynaptic GluD2. 

We have demonstrated that Cbin1 is a ligand 
for the orphan receptor GluD2. Among known 
synapse-organizing molecules, such as neuroligin- 
neurexin (/8), SynCAM-SynCAM (/9), EphrinB- 
EphB (20), fibroblast growth factor (FGF) 22 
FGF receptor 2b (2/), Narp-GluAs (22), and 
netrin-G ligand-3 and leukocyte common antigen- 
related (NGL-3—LAR) (23), CbIn1-GluD2 sig- 
naling is unique in that without each component, 
synapse formation was severely abrogated in the 
cerebellum in vivo as well as in heterologous 
cells in vitro. Its bidirectional mode of action is 
also unique; at synaptic junctions, presynap- 
tically derived Cbin1 accumulates and directly 
induces presynaptic differentiation, possibly by 
interacting with unidentified proteins on the pre- 


synaptic membrane (Fig. 4E). Because beads 
coated with HA-Cbin1 induced accumulation 
of functional presynaptic terminals (Fig. 3), 
GluD2 may simply serve as a scaffold to accu- 
mulate and stabilize CbIn! at synaptic junc- 
tions. Conversely, CbIn1 probably serves as a 
postsynaptic organizer by clustering GluD2, 
which may regulate synaptic plasticity via its 
interacting intracellular proteins (24). 

Cbin1 is also expressed in various brain re- 
gions where GluD2 is not expressed, such as the 
olfactory bulb, the entorhinal cortex, and certain 
thalamic nuclei (25), which indicates that CbIn1 
may bind to other receptors in these regions. An 
alternative candidate tor is GluDI, which 
is highly expressed in these brain regions, espe- 
cially during development (26), Indeed, HA-Cbln1 
could bind to HEK293 cells that expressed GluD 1 
(fig. $12A) or beads coated with GluDIS™-Fe 
(fig. $12B). Furthermore, other Cbln family pro- 
teins (CbIn2 and Cbin4) are expressed in various 
brain regions (25). Therefore, further studies are 
warranted to elucidate the synaptic roles of Cbin 
and GluD family proteins in normal and path- 
ological conditions in the CNS. 


References and Notes 

'N. Kashiwabuchi et al., Cell 81, 245 (1995). 

W. Kakegawa et al., J. Neurosci. 29, 5738 (2009). 
T. Takeuchi et al., j. Neurosci, 25, 2146 (2005). 
M. Yuzaki, Cell. Mol. Life Sci. 65, 1698 (2008). 

H. Hirai et al, Nat. Neurosci. 8, 1534 (2005). 

M. Yuzaki, Neuroscience 162, 633 (2009). 

P. Wei, Y. Rong, L. ti, D. Bao, J. |. Morgan, Mol. Cell 
Neurosci. 41, 258 (2009). 

Materials and methods are available as supporting 
material on Science Online, 


9. D. Bao, Z. Pang, J. |. Morgan, J. Neurochem. 95, 618 (2005). 

10. A. Ito-Ishida et al., J. Neurosci. 28, 5920 (2008). 

11. E, Miura, K. Matsuda, J. |. Morgan, M. Yuzaki, 

M. Watanabe, Eur. J. Neurosci, 29, 693 (2009). 

12. T. Uemura, M. Mishina, Biochem. Biophys, Res, Commun, 
377, 1315 (2008). 

13. T, Kuroyanagi, M. Yokoyama, T. Hirano, Proc. Natl. Acad, 
Sci, U.S.A. 106, 4912 (2009), 

14, T. lijima, K. Emi, M, Yuzaki, J. Neurosci, 29, 5425 
(2009). 

15. T. Uemura, H. Mori, M. Mishina, Mol. Cell. Neurosci, 26, 
330 (2004). 

16, K,W. Roche et al., J, Neurosci, 19, 3926 (1999). 

17. M, Masugi-Tokita et al., J. Neurosci. 27, 2135 (2007). 

18. B. Chih, H, Engelman, P. Scheiffele, Science 307, 1324 
(2005). 

19. T. Biederer et al., Science 297, 1525 (2002). 

20, M.S. Kayser, A. C. McClelland, £, G. Hughes, M. B. Dalva, 
J, Neurosci, 26, 12152 (2006), 

21. H. Umemori, M. W. Linholf, D. M. Omitz, J. R. Sanes, Cell 
118, 257 (2004), 

22. R, O'Brien et al., J. Neurosci, 22, 4487 (2002). 

23. J. Woo et al., Nat. Neurosci. 12, 428 (2009). 

24, W. Kakegawa et al., , Neurosci. 28, 1460 (2008). 

25. €. Miura, T. lijima, M. Yuzaki, M. Watanabe, 

Eur. J. Neurosci. 24, 750 (2006) 

26, H. Lomeli et al., FEBS Lett. 315, 318 (1993). 

27. We thank }. Motohashi for excellent technical support. 
This work was supported by a grant-in-aid from Japanese 
Government Ministry of Education, Culture, Sports, 
Science and Technology (MEXT) (NLY.), the Takeda 
Science Foundation (M.Y.), the Naito Memorial Grant for 
Female Researchers (K.M.), and the Core Research for 
Evolutional Science and Technology from the Japanese 
Science and Technology Agency (M.Y.) 


Supporting Online Material 

vn sciencemag.org/cgifcontentfull328/5976/363/0C1 
Materials and Methods 

Figs. $1 to $12 

References 


25 November 2009; accepted 5 March 2010 
10.1126/science.1185152 


Rapid Diversification of Cell 
Signaling Phenotypes by Modular 
Domain Recombination 


Sergio G. Peisajovich,** Joan E. Garbarino,* Ping Wei,*? Wendell A. Lim??+ 


Cell signaling proteins are often modular, containing distinct catalytic and regulatory domains. 
Recombination of such biological modules has been proposed to be a major source of evolutionary 
innovation, We systematically analyzed the phenotypic diversity of a signaling response that 
results from domain recombination by using 11 proteins in the yeast mating pathway to construct a 
library of 66 chimeric domain recombinants. Domain recombination resulted in greater diversity 
‘in pathway response dynamics than did duplication of genes, of single domains, or of two 
unlinked domains. Domain recombination also led to changes in mating phenotype, including 
recombinants with increased mating efficiency over the wild type. Thus, novel linkages between 
preexisting domains may have a major role in the evolution of protein networks and novel 


phenotypic behaviors. 


omains are the basic functional and 
De modules in proteins (/). In 

signaling networks, domains generally 
encode one of two major functions: (i 
lation or localization and (i 
domains directly transmit signaling information 
(eg., through phosphorylation), whereas regu- 


latory domains mediate interactions that either 
target or regulate this catalytic activity. The vast 
number of domain combinations found in the 
proteome suggests that domain shuffling could 
be a major source of evolutionary innovation in 
signaling behaviors (2-4). Three principal lines 
of evidence support this view. First, specific 
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changes in protein functions have been associ- 
ated with domain recombination (5). Second, 
mutations leading to the fusion of protein-coding 
genes may lead to the improper activation of 
signaling networks that result in oncogenic trans- 
formations (6, 7). Third, fusions of diverse reg- 
ulatory and catalytic domains can yield synthetic 
proteins with non-natural inpuVoutput relation- 
ships, both in vitro (8) and in vivo (9/1), 

To investigate whether recombination of 
signaling protein domains provides a route for 
evolutionary innovation, analogous to the swapping 
of cis-regulatory elements and coding sequences in 
transcriptional circuits (/2—/4), we have system- 
atically determined the effects of domain re- 
combination on the behavior of a well-understood 
signaling network, the yeast mating pathway 
(Fig. 1A), and compared it to the effects brought 
about by gene or domain duplication. We used 
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A Yeast Mating Pathway 


alpha-factor 


Downstream Effects 


the domains of 11 proteins belonging to the 
mating pathway to construct a library of 66 re- 
combinant proteins (Fig. 1B). Specifically, all 
native proteins composed of at least two do- 
mains were split in a manner that separated reg- 
ulatory and catalytic domains. The split points 
were chosen to ensure that domains were left in- 
tact and therefore are located within interdomain 
connecting regions. We then created a library of 
chimeric proteins that includes all possible re- 
combinations of N-terminal and C-terminal blocks 
to systematically map the resulting phenotypic 
effects (Fig. IC and fig. S1). Each protein was 
transformed into a yeast strain that retained the 
endogenous copies of the 11 mating pathway 
genes, such that an additional protein (with al- 
tered domain combination) was added to the 
existing network. To distinguish the effects of 
domain recombination from those of gene or 
domain duplication, we created three additional 
sets of strains (Fig. 1D): In the first one, each of 
the I] genes analyzed was duplicated; in the 
second one, each of the N- or C-terminal blocks 
was duplicated; and in the third one, each pos- 
sible pair of N- and C-terminal blocks were du- 
plicated and coexpressed (all 66 combinations 
lacking domain recombination). To prevent any 
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bias that might be related to differential transcrip- 
tional control, we expressed all constructs at low 
abundance using a 250 base pair segment of the 
constitutive cyl promoter. 

As a metric for how each additional protein 
altered signaling behavior, we measured the 
dynamics of mating pathway activation by flow 
cytometry. A green fluorescent protein (GFP) 
reporter was controlled by a mating-responsive 
promoter from the fiws/ gene (/5) in an a-type, 
Afar! strain [to prevent cell cycle arrest and the 
formation of mating projections that could affect 
flow cytometry measurements (/6)]. We mea- 
sured the intensity of GFP fluorescence before 
and after activation of the mating pathway with 
a-factor and used those values to calculate the 
baseline and slope of activation (Fig. 2A). The 
normalized baseline and slope values for each 
variant in our libraries (relative to wild type) 
were plotted on a “morphospace” diagram. Gene 
and domain duplications had little effect on the 
dynamics of pathway activation (Fig. 2, B and C). 
Only three domain duplication variants showed 
changes, slightly inhibiting pathway activation 
(variants with lower slopes in Fig. 2C), perhaps 
by acting as dominant negative fragments. In 
contrast, recombination of domains resulted in 
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Fig. 1. Design of the recombination library of 

protein domains belonging to the yeast mating 

pathway. (A) The yeast mating pathway is activated 

by binding of the mating pheromone (u-factor) to the D 
membrane receptor Ste2 in “a” cells (or a-factor to 
Ste3 in “a” cells), which causes the dissociation of the 
G protein alpha subunit (Gpal) from the G beta (Ste4) 
and gamma (Ste18) complex (20, 25). The scaffold 
protein Ste5 is then recruited to the membrane- 
localized Ste4, bringing along the MAPKKK Ste11, 
MAPKK Ste7, and MAPK Fus3. In addition, Ste11 in- 
teracts with the bridging protein SteS0, which by binding to the small 
guanosine triphosphatase (GTPase) Cdc42, positions Ste11 near its upstream 
activator, the PAK kinase Ste20 (26). Activated Ste11 phosphorylates Ste7, 
which in turn phosphorylates Fus3. The activated MAPK translocates to the 
nucleus, where it phosphorylates a number of transcription factors, leading 
to changes in gene transcription, cell cycle progression, and cell morphology 
and culminating in the fusion between “a” and “a” cells. (B) Domain 
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a wide range of altered dynamic behaviors, with 
variants that either prevented pathway activation 
or led to stronger activation of the mating path- 
way (Fig. 2D). These altered signaling behay- 
iors appear to depend on domain recombination, 
because coexpression of all analogous pairs of 
unlinked N- and C-terminal domain blocks had 
limited effects on pathway activation (Fig. 2E). 
At least for the genes and signaling pathway 


analyzed here, gene or domain duplication alone 
may contribute little to the immediate diversi- 
fication of signaling phenotypes; changes in 
pathway behaviors probably require sequence 
divergence of the duplicates [e.g,, by neofiunction- 
alization or by differential transcriptional regu- 
lation of subfunctionalized duplicates (17, 18); 
see fig, 2], In contrast, shuffling of domains pro- 
vides a more direct path to functional divergence 


(79), resulting in readily available alterations in 
signaling behaviors. 

Beyond changes in gene expression, acti- 
vation of the mating pathway leads to a co- 
ordinated response that arrests cell cycle, alters 
cell morphology, and ultimately results in the 
fusion of mating partners (20), To determine 
whether changes in reporter gene expression dy- 
namics caused by domain recombination were 


mirrored by changes in overall pathway out- 
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because there were marked differences between 
the mating efficiencies of corresponding recom- 
bination and coexpression variants (Fig. 3B). 
Thus, domain recombination can alter complex 
pathway outputs, such as the biochemical and 
morphological changes needed for mating. At 
least under laboratory conditions, recombination 


» 


around wild type. (C) 


1 2 3 
e cet Baseline (relative to 
Domain duplications \ wy 


also had minor effects on mating pathway response dynamics; duplication of SteSO[N] (Ste50’s SAM 
domain), Ste5[N] (which includes Ste5’s RING domain), and Ste11[N] (Ste11’s SAM domain) are 
exceptions with low slopes and may act as dominant negative. (D) Domain recombination led to a diverse 
set of novel signaling behaviors. Recombination variants with dynamic behaviors most different from wild 
type and from the corresponding coexpressed N- and C-domain pair (fig. $3) are shown in red. (E) These 
behaviors could not be recapitulated by coexpression of the unlinked corresponding pairs of domains. 
Fluorescent values were measured in at least two independent experiments, each time in triplicate. Error 
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Fig. 3. Domain re- 
combination can lead 
to strains that mate 
more efficiently than 
wild type. (A) Mating 
efficiencies were mea- 
sured for recombina- 
tion variants with slope 
and baseline values 
‘that were substantially 9 
different from wild type 

(>1 SD) and also differ- 

ent from the slope and 

baseline values of the corresponding coexpressed N and C pair (figs. $3 
and $4), Mating efficiencies of wild type and recombination variants are 
depicted as circles, with areas representing relative mating efficiencies. (B) 
Comparison of domain recombination to coexpression of the corresponding 
domain pairs (wild-type values are set to 1). SteS0 SAM domain inter- 
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of protein domains can lead to strains that mate 
more efficiently than wild type, although further 
work is needed to determine whether the changes 
in mating efficiency we observed could confer a 
selective advantage. 

Activation of the mating pathway response 
alters the regulation of the cell cycle (/6). In 
addition, the mating pathway shares several 
proteins with other signaling pathways, such as 
the high osmolarity pathway. Thus, domain 
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acts with the Stel1 (MAPKKK) N-terminal SAM domain, facilitating the 
interaction of Ste11 with Ste20, its upstream activator. Thus, it is possible 
that, as an isolated domain, SteSO[N] (as well as Ste11[N]) act as dom- 
inant negatives, competing for the interaction between the wild-type 
proteins. 


16 APRIL 2010 VOL 328 SCIENCE www.sciencemag.org 


recombination variants that alter the mating 
pathway response could also have pleiotropic 
effects on other cellular processes. To investi- 
gate this possibility, we measured growth rate, 
as well as the response to high osmolarity stim- 
ulus, for the recombination variants that most 
substantially affected mating respor We 
found that variants with growth rate deficiencies 
of only 2 to 3% compared to wild type (fig. 
SSA) mate up to ~3 times better than wild type. 
This suggests that, in some and under 
laboratory conditions, the cost in asexual growth 
likely imposed by recombination-induced net- 
work remodeling could be compensated in part 
by the benefit in mating efficiency it confers 
(fig. SSB). In addition, we observed that the 
response to high osmolarity is only marginally 
affected (fig. SSC), We cannot rule out the 
possibility that some of the variants analyzed 
might have detrimental effects on other signal- 
ing pathways or cellular processes. 

Signaling responses are often characterized 
by their dynamics of temporal activation, as 
well as by the specific dose-response profi 
Whereas some pathways follow a graded dose 
response, others have switch-like activation pro- 


files (22). To explore whether domain recombi- 
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nation could also alter the dose-response profile, 
we measured pathway response at different 
concentrations of pheromone for two of the do- 
main recombination variants that most markedly 
affected the mating pathway temporal response. 
We found that cells expressing the domain 
recombination variants SteSO[N]-Ste7[C] and 
SteS[N]-Stel1[C] have dose-response profiles 
similar to that of wild-type cells, with only a 
small shift toward lower concentrations of pher- 
omone for cells expressing SteS[N}Stel IN] (fig. 
S6A). In addition, we observed a wider cell-to- 
cell variation in pathway response for the do- 
main recombination variant SteS[N}-Ste1 1[C] (fig. 
S6B). Th Its suggest that domain recombi- 
nation might slightly alter the sensitivity of the 
mating pathway to pheromone levels. 

We investigated the mechanisms by which 
recombination variants might alter the dynamics. 
of the response. We first measured protein abun- 
dance for some duplication or recombination 
variants and found that there is no clear correla- 
tion between changes in mating response and 
protein abundance (fig. $7). Mating pathway sig- 
naling requires interactions between three major 
functional complexes: the membrane-bound G 
protein complex, the mitogen-activated protein 
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Fig. 4. Mechanisms of recombination-derived changes in signaling behavior. (A) Activation of the 
mating pathway requires interactions between three multiprotein complexes: the membrane-bound 
G protein complex, the membrane-bound polarity complex, and the MAPK complex. Seven novel 
connections between the three multiprotein complexes and three novel connections within an 
individual complex formed by the recombination variants were analyzed. (B, D, and F) Flow 
cytometry time course of pFus1-GFP for strains expressing Ste20[N]-Ste11(C], Ste5(N]-Ste11{C], 
and SteSO[N]-Ste20[C], respectively. (C, E, and G) Fluorescence microscopy of strains expressing 
GFP-labeled Ste20[N]-Ste11[C], Ste5[N]-Ste11[C], and SteSO[N]-Ste20[C], respectively. 
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kinase (MAPK) complex, and the membrane- 
bound polarity complex (Fig, 1), Recruitment of 
the MAPK complex to the membrane, by its 
interaction with the G protein complex, positions 
the MAPKKK, Stell, close to its p21-activated 
protein kinase (PAK) kinase activator, Ste20 (also 
referred to as the MAPKKKK), a member of the 
ity complex (20, 23). 

examination of the 10 recombination 
variants that most markedly changed signaling 
behavior revealed that 7 of the 10 created novel 
links between the different signaling complexes, 
whereas only three created linkages within an 
individual functional complex (Fig. 4A). Thu 
arise when key component 
change in their localization or complex forma- 
tion, To explore this hypothesis, we examined 
three recombinant variants in greater detail, The 
Ste20[N]-Stel1[C] fusion [which tethers the 
Cde42 binding domain of Ste20 to the kinase 
domain of Stell (fig. $8)} resulted in higher 
baseline output (Fig. 4B). This fusion protein 
may result in the recruitment of Stell kinase 
domain to the polarity complex, even in the ab- 
sence of a-factor stimulation, where it can be 
constitutively activated by Ste20 [the MAPKKKK. 
(fig. S9A)]. This relocalization to sites of polarity 
was confirmed by microscopy experiments with 
the GFP-labeled fusion protein (Fig. 4C). The 
SteS[N]-Stel1[C] fusion [which tethers the Ste4 
binding domain of SteS to the kinase domain 
of Stell (fig. S8)] resulted in a large increase 
in the slope of output (Fig. 4D). This fusion may 
result in an additional population of Ste11 kinase 
domain that, because it is covalently fused to 
SteS[N], is more efficiently recruited to the mem- 
brane upon a-factor stimulation, which may in- 
crease signaling (fig. S9B). Microscopy studies 
confirmed that this fusion protein is inducibly 
localized to membrane sites of polarization (Fig. 
4E). The SteSO[N]-Ste20[C] fusion [which teth- 
ers Stell binding sterile alpha motif (SAM) 
domain of SteS0 to the kinase domain of Ste20 
(Fig. S8)] resulted in high constitutive activation 
(Fig, 4F), This fusion protein may bring the Ste20 
kinase domain to the MAPK complex, where it 
will constitutively activate Stell and trigger the 
MAPK cascade, without the need for membrane 
recruitment of the MAPK complex ( ¥ 
Microscopy studies confirmed that tt 
localizes to the cytoplasm both with and without 
a-factor stimulation (Fig. 4G). Overall, these more 
detailed observations are consistent with a model 
in which shuffling of a catalytic domain with dif- 
ferent regulatory domains results in novel reg- 
ulation or localization of the catalytic domain, 
leading to distinct changes in signaling behavior 
and cellular phenotype. 

The high frequency with which the limited 
diversity encoded in our recombination library 
led to novel signaling behaviors suggests that 
domain recombination might have an important 
role in the generation of phenotypic novelty 
from simple genotypic changes and could likely 
complement the role of cis-regulatory elements 
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in the evolution of global cellular regulatory 
networks composed of both transcriptional and 
signaling elements (24). Further work will be 
needed to compare in quantitative terms the 
contributions of gene duplication and recombi- 
nation to the evolutionary process. 

The strategy used here of targeted domain 
recombination between proteins that belong to a 
specific signaling network could facilitate the 
engineering of other protein networks of inter- 
est, a fundamental goal of synthetic biology. 
Genes known to belong to a target pathway 
could be deconstructed into domains and used 
to build small libraries of domain recombinations 
that are subsequently screened for the desired 
function. 
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T cell receptor (TCR)-dependent regulatory T cell (T,..) activity controls effector T cell (Tei) function 
and is inhibited by the inflammatory cytokine tumor necrosis factor—a (TNF-a). Protein kinase 
C-6 (PKC-6) recruitment to the immunological synapse is required for full T.s, activation. In 
contrast, PKC-0 was sequestered away from the T,eg immunological synapse. Furthermore, 

PKC-@ blockade enhanced Treg function, demonstrating PKC-0 inhibits T,eg-mediated suppression. 
Inhibition of PKC-0 protected Treg from inactivation by TNF-a, restored activity of defective 

Treg from rheumatoid arthritis patients, and enhanced protection of mice from inflammatory colitis. 
Treg freed of PKC-0—mediated inhibition can function in the presence of inflammatory cytokines 
and thus have therapeutic potential in control of inflammatory diseases. 


D4” CD25" regulatory T cells (Treg) Sup- 

pl the function of CD4" and CD8* 
C effector T cells (T.q) through a T cell re- 
ceptor (TCR) engagement and cell contact 
dependent mechanism (/--3). Inflammatory signals 
delivered by cytokines like tumor necrosis factor-c. 
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(TNF-a) decrease T,,.. activity (4, 5), perhaps as a 
mechanism to reduce interference by T,.y cells in 
immune responses to pathogens. In rheumatoid 
arthritis, T,.g cells circulate in normal numbers, 
but they have decreased activity ex vivo (5, 6). 
Besides the negative signals initiated by TNF-a, 
Treg also receive inhibitory signals via the TCR. 
Akt activation by the TCR can reduce T,.g func- 
tion and thus appears to be tightly regulated (7). 
This suggests TCR signaling in Troy can nega- 
tively feed back to inhibit T,..-mediated suppres- 
sion. Moreover, TCR signaling leads to formation 
of the immunological synapse within seconds of 
T cell activation. Thus, the differences in TCR 
signaling in Tyg may emerge at the level of the 
immunological synapse (IS), a structured inter- 
face between T cells and antigen-presenting cells 
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(APCs) where TCR signalosomes are assembled 
(8). Whereas T,.. can form stable contacts with 
APCs with functional consequences both in vitro 
and in vivo (9-//), signaling events in the Tyg IS. 
have not been investigated. 

To study signaling in the human Tyg IS, we 
developed a model system on supported planar 
bilayers containing the mobile fluorescently la- 
beled intercellular adhesion molecule—1 (ICAM-1) 
and antigen surrogate anti-CD3 (the signaling 
subunit of the TCR) antibodies and CD4* CD25" 
Tes or CD4* CD25* Tyg freshly isolated from 
peripheral blood (fig. S1, A to C). Tey and Tro 
both formed IS, defined by a symmetric pattern 
consisting of a central cluster of anti-CD3 sur- 
rounded by a ring of ICAM-1 (/2, 13) (Fig. 1A). 
Trg ISs were more stable than TesrISs (fig. S2, A 
and B), which displayed symmetry breaking with- 
in 20 min as previously described (/4), Ex vivo 
expanded, human umbilical cord blood Trey (/5) 
displayed similar behavior to adult peripheral 
blood Thy (fig. $2, C to E), We measured re- 
cruitment of TCR proximal signaling molecules 
to IS by staining with phospho-Sre kinase activa- 
tion loop and Zap70 kinase interdomain A tyrosine 
319 antibodies and imaging with total intemal 
reflection fluorescence microscopy (TIRFM) (/6). 
Signals were quantified on the basis of unbiased 
measurement of IS proximal fluorescence inten- 
sity. Tuy IS displayed significantly higher amounts 
of phospho-Sre than Tyey (fig. S3A); however, 
we observed a similar intensity of phosphoryl- 
ation of the downstream kinase Zap70 (fig. S3B). 
We next explored the protein kinase C-0 (PKC-0) 
pathway, which is downstream of Src family ki- 
nases (17) and mediates IS breaking (/4), be- 
cause Zap70 phosphorylation appeared normal 
in Treg. 
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PKC- recruitment to the IS leads to recruitment 
of Carma-1, a MAGUK (membrane-associated 
guanylate kinase) protein, which enables the as- 
sembly of a Carma-1-Bcl10-Malt! complex nec- 
essary for transcription factor NF-«B activation 
and subsequent T,ir activation (/8). We quantified 
PKC-0 and Carma-l recruitment in ISs on planar 
bilayers by TIRFM. Typ ISs recruited PKC-0 in a 
broad pattem overlapping with early TCR signal- 
ing, as previously reported (/4) (Fig. 1B). T, 
dis :d sixfold lower PKC-9 recruitment to 
than that of Top; and this recruitment was focused 
in a limited defined by a small number of 
bright puncta 1B). The same difference in 
the ability to recruit PKC-@ was found with ex 
vivo expanded, human umbilical cord blood Ty.» 
and expanded CD4" CD25” Ty cells (fig. $4). 
CD28 co-stimulation plays an important role in 
PKC-0 recruitment to IS (/3, /7). Thus, we com- 
pared the ability of Troy and Tyr to recruit PKC-8 
in the presence of a CD28 ligand, CD80, in the 
bilayer. The co-stimulatory signal increased the 
amounts of PKC-9 recruited to ISs in both T,.y 
and T.y (fig. $5). Even in the presence of CD80 
in the bilayer, the Tyg still have significantly less 
PKC-0 recruited to the IS than Tyr (P < 0.001). 
Interestingly, total PKC-8 expression was even 
higher in Tjey compared with Ter (fig. S6). More- 
over, the confocal imaging revealed that PKC. 
was sequestered away from the Trg IS, whereas 
PKC-0 in Tey accessed the IS and formed cyto- 
plasmic puncta (Fig. 1C and fig. $7). Tyee IS also 
displayed significantly less Carma-1 recruitment 
than Ty IS (Fig. 1D). Thus, recruitment of PKC-6 
and its downstream target to the IS are reduced 
in T, 

We further dissected the TCR and LFA-I 
integrin-dependent components of PKC-9 recruit- 
ment by using bilayers containing either anti-CD3 
or ICAMG1, respectively. TCR engagement in Tey 
was necessary and sufficient for increased PKC-0 
recruitment on the basis of a twofold increase in 
PKC-0 fluorescence intensity on anti-CD3-only 
bilayers compared with fluorescence on ICAM- 
\-alone bilayers (Fig. 1, E and F). TCR engage: 
ment alone in T,., recruited 11-fold less PKC-0 
than in Ty Whereas LFA-1 engagement alone 
recruited 3,5-fold more PKC-0 than in Terr (Fig. 
1, Eand F). Thus, TCR triggering in Try actually 
down-regulates PKC-0 recruitment to the IS by 
7.7-fold compared with basal recruitment by 
LFA-1 engagement alone (Fig. IF). 

We hypothesized that PKC-@ activation may 
be part of a negative feedback loop controlling 
Trey function because TCR signals are essential 
for Treg function but suppress PKC-0 recruitment. 
We investigated whether inhibition of PKC-0 
with compound 20 (C20) (/9) may affect the 
suppressive function of human CD4" CD25! Tx 
Te function was measured as cytokine 
‘cretion and cell proliferation, C20 treatment of 
only the Ty cells significantly up-regulated their 
suppressive ability, even in the presence of 
CD28-mediated costimulation, but did not induce 
suppressive activity in treated Tor (Fig. 2, A 
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Fig. 1. Human Tyg form altered ISs. Human Ty and Thay Were introduced into bilayers containing anti-CD3 (5 jxg/m 
and ICAN-1 at 250 molecules/mm? (A to D); fixed at 6 min; and permeabilized, stained, and imaged by TIRFM [(), 
(B), (0), and (E)] or by confocal microscopy (C). (A) Locatization of ICAM-1 (red) and anti-CD3 (green) in the IS. (B 
and D) Staining and average fluorescence intensity of PKC-0 (B) and Carma-1 (0). (Q) Distribution of endogenous 
PKC-0 jn cells. Histogram shows average of (bottom planes “proximal” /upper planes “distal”) ratio of anti-PKCO 
intensity per cell. The images show representative images. (E and F) PKC- staining (E) and average fluorescence 
intensity (F) in Tet Of Teg On bilayers containing only anti-CD3 (left) or ICAM-1 (right). Data are representative 
of three [(A) to (D)] or five [(E) and (F)] different experiments, P values were calculated by Mann-Whitney test. 
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and B, and fig. S8A), Consistent with imaging data 
showing that co-stimulation up-regulates the recruit- 
ment of PKC-0 to ISs in Tyg (fig. $5), untreated 
Treg demonstrated reduced ability to suppress Tei 
function in the presence of CD28 antibodies 
[40% and 25%, respectively (fig. S&A)], and this 
difference was abrogated by treatment with C20, 
Inhibition of PKC-0 seemed to increase Tyg Sup- 
pressive function in general, without preference 
for specific helper T cell type (fig. SSB). C20 also 
significantly increased Tyey function in an APC- 
dependent assay (fig. S8C). 

It has been reported that the CD4* CD25"*" 
‘Thog Cells are the most potent suppressors in vitro 
(20); we therefore sorted CD4" T cells according 
to their CD25 expression (fig. $ID), pretreated 
the sorted T,.. with C20, and cocultured the 
CD4* CD25" or CD4* CD25™* T cells with 
target CD4~ CD25" T cells. Although the CD4* 
CD25"*" T cells manifested a greater suppressive 
activity, pretreatment with C20 significantly en- 
hanced their suppression of interferon-y (IFN-y) 
secretion (fig. S8D), Lastly, the effect of C20 on 
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Fig. 2. PKC-0 inhibition up-regulates the suppressive function Of Treg in vitro. Average of four different 
experiments are shown for all graphs. P values were calculated by t test. (A and B) Treg and Toy were treated F 
with PKC-0 inhibitor C20 at 0.001 to 1 1M for 30 min and washed three times. Treated cells were then mixed 
with CD4* CD25" T (T.4) cells at a 1:9 ratio and plated on immobilized monoclonal antibody (mAb) against 
CD3 (anti-CD3). Error bars indicate standard deviation. (A) The supernatants were analyzed for IFN-y after 24 
hours by enzyme-linked immunosorbent assay (ELISA). (B) Cell proliferation was determined after 96 hours by 
Alamar Blue (left), or Treg cells were treated with 1 uM C20 for 30 min, washed, mixed with Tes and 
proliferation was assayed by carboxyfluorescein diacetate succinimidyl ester (CFSE) (right). (C) Treg were 1 
treated with 1M of C20 for 30 min, washed, and stimulated by anti-CD3, and p65/p50 specific binding to 
NF-«B consensus sequence was determined by ELISA. 0.D., optical density. (D) Treg cells were treated with 
1M of NF-«B and IxB kinase (IKK) inhibitors and mixed with To, and IFNy secretion was analyzed as in (A) 
after 48 hours. DMSO, dimethyl sulfoxide. (E) T,.g were treated with 1 1M of C20, mixed with Teg, and cultured 
on anti-CD3 with or without neutralizing antibodies against TGF-B Ril (20 yg/ml). IFN-y secretion was 
analyzed as in (A) after 48 hours. (F) Teg were transfected with siRNA targeting PKC-0 or with control siRNA 
and plated on anti-CD3. After 48 hours, PKC-0 expression was measured by Western blot analysis (top). 
siRNA-transfected T,2g were mixed with CD4* CD25 T (T.#) cells at 1:9 ratio and plated on immobilized anti- 


Treg function was time-dependent; we observed 
the peak of suppressive function after 30 min of 
treatment (fig. S8E). 

TCR-induced DNA binding of NF-KB p65 
and p50 subunits, which indicates NF-«B activa- 
tion, and the ability to proliferate were greatly 
reduced by C20 in both Ty. and Tey (Fig. 2C and 
fig. $9). To test whether activation of NF-xB was 
a critical PKC-0 target in control of Tyg activity, 
we inhibited NF-«B activation by using two dif- 
ferent types of inhibitors, and both significantly 
increased Ty, activity (Fig. 2D). Moreover, treat- 
ment of Tyg with analogs of C20 with different 
median inhibitory concentration (ICs) values 
demonstrated that, of the analogs tested, only 
PKC-0 inhibitors with ICsp < 1 nM significantly 
up-regulated T,. suppressive function (fig. $10), 
Lastly, neutralizing antibodies against transform- 
ing growth factor-B (TGF-B) receptor IT com- 
pletely blocked the suppressive function of Troy 
induced by inhibition of PKC-0 either in APC- 
free or in presence of APC in the coculture (Fig. 
2E and fig. S8C), suggesting the possible in- 
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volvement of TGF-B presented by Trg as a sup- 
pressive mechanism. To confirm the conclusion 
that inhibition of PKC-0 up-regulates the sup- 
pressive activity of human Tyg, we specifically 
silenced PKC-0 gene expression by using RNA 
interference (2/). The specific PKC-0 small in- 
terfering RNA (siRNA) reduced PKC-0 expres- 
sion by 80% (Fig. 2F). Moreover, silencing of 
PKC- significantly increased Tyy-mediated sup- 
pression of IFN-y secretion by Tyyr(Fig, 2F). PKC-0 
silencing in Tey resulted in the expected down- 
regulation of IFN-y secretion and cell prolifera- 
tion (fig. $11), We concluded that PKC-0 activity 
induced by TCR signaling mediates a negative 
feedback loop that reduces the activity of human 
CD4" CD25"*" Ty to suppress cytokine secre- 
tion and proliferation of T.y in vitro. 
Rheumatoid arthritis (RA) is a chronic auto- 
immune disorder that results in the destruction of 
joint architecture (22), Recent studies in RA pa- 
tients demonstrated that the function of CD4' 
CD25"*" Tyg is impaired (5, 6). We used They 
purified from peripheral blood of 25 RA patients 
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Fig. 3. Inhibition of PKC-0 rescues and protects Treg function. A 
(A and B) Freshly purified T,.. from healthy donors and RA 
patients were treated or not with PKC-0 inhibitor C20 for 30 
min at 1M, washed three times, mixed with CD4*CD25~ T 
cells at ratio 1:3, and plated on immobilized anti-CD3. The 
supernatants were analyzed for IFN-y after 24 to 48 hours by 
ELISA. (C to E) Treg Cells from healthy donors were treated with 
PKC-0 inhibitor C20 [(C) and (E)] or with PKC-0 siRNA (D) as 
described above and cocultured with CD4* CD25" T cells with 


8 


IFN-; secretion 


% inhibition of 


REPORTS f. 


ES 


Treg treatment: 
@DMSO m PKC-4 inhibitor 


2 
8 


% inhibition of 
IFN-; secretion 
6 3 


x 
8 


or without TNF-c (50 ng/ml). IFN-y secretion was determined 
after 48 hours by ELISA [(C) and (D)], and proliferation was 
determined after 96 hours (E). Error bars indicate standard 
deviation. (F) Untreated or TNF-c-treated (50 ng/ml, for 24 
hours) Treg were introduced to bilayers with anti-CD3 and 
ICAM-1, fixed, and imaged by confocal microscopy. Repre- 
sentative images are shown with ICAM-1 (blue), anti-CD3 
(red), and PKC-0 (green). Plots show the distribution of en- 
dogenous PKC-0 in cells. Each bar shows average of (bottom 
planes “synapse proximal” /upper planes “synapse distal”) 
ratio of anti-PKCO intensity per cell. Data points from three 
independent experiments are included in the analysis. 
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with different severities of disease (fig. $12) and 
found, despite anergic state and comparable Troy 
numbers to healthy donors (fig. SI3A), that RA 
Treg demonstrated significantly reduced sup- 
pression of IFN-y from autologous CD4" CD25~ 
Ter (fig. $13B). The loss of function was due to 
defective intrinsic function of T,.. from RA 
patients and not due to increased resistance of 
Ter (fig. $13C), consistent with previously pub- 
lished results (5). Treatment with C20 signifi- 
cantly increased the suppressive function of T,.. 
purified from all 25 RA patients (Fig. 3A) to 
levels comparable to those of healthy donor- 
derived Tyg (30 to 50% inhibition at a Tyep/Tor of 
1:3, fig. SI3B). Moreover, the defective Tr 
function in RA patients was inversely correlated 
with the disease active score (DAS score), and 
the shift in IFN-y secretion was similar across the 
disease score spectrum (Fig. 3B). Thus, inhil 
tion of PKC-0 boosts the suppressive function of 
Treg isolated from RA patients independent of the 
severity of disease. 

Treatment of Ty, cells with TNF-« inhibits 
their activity and down-regulates expression of 
the Typ master regulator transcription factor 
Foxp3 (5). We investigated the possibility that 
elimination of the PKC-0-mediated negative feed- 
back on Treg function may render Tyeg resistant 
to inhibition by TNF-a. As expected, in the pres- 
ence of TNF-d, Tre displayed significantly reduced 
inhibition of IFN-y secretion and proliferation in 
Ter: and this effect was largely reversed by C20 
or PKC-6-specific siRNA (Fig. 3, C to E, and fig. 
S14A). Moreover, C20 prevented TNF-c-induced 
down-regulation of Foxp3 in Tye (fig. S14B). 
Strikingly, TNF- treatment induced increased 
PKC-0 recruitment to IS in Trg by decreasing 
sequestration at the distal pole (Fig. 3F), consist- 
ent with the idea that TCR-activated PKC-0 me- 
diates negative feedback on T,., function that is 
further enhanced by TNF-a. 

Lastly, we determined the ability of C20 to 
increase Tye function in vivo by using a colitis 
model in TCRa B™ mice induced by transfer 
of the CD4* CD25° CD4SRB"*" Tyycells (23, 24). 
‘Treatment of murine Typ with C20 up-regulated 
their suppressive function in vitro (fig. SIS, A 
and B). Moreover, C20-treated CD4* CD25° Tyg 
cells provided significant protection from colitis, 
as demonstrated by normal weight gain and nor- 
mal histology of the distal colon in seven of eight 
mice (Fig. 4, A to C). C20 treatment increased the 
number of T,.. recovered from mesenteric lymph 
nodes and the spleen (fig. S1SC). This protection 
‘was significantly greater than that afforded by Thy 


left untreated (Fig. 4, A to C). Treatment of CD4” 
CD25” Teg with C20 before transfer with un- 
treated Tyr did not protect mice from colitis (fig. 
$16). Thus, PKC-8 inhibition significantly in- 
creased the suppressive effect of T,.. in vivo. 

Tyg function is crucial to prevent autoimmunity 
in mice and humans. Although T,.. numbers in 
patients suffering from autoimmune diseases are 
similar to healthy controls, Tyg function is defec- 
tive, probably caused by negative regulation of 
Trg by the inflammatory milieu (20). In the present 
study, we demonstrate that PKC-0 is sequestered 
in the distal pole of T,.g cells in a manner that 
reduces its recruitment to the IS. Moreover, in- 
hibition of PKC-9 protects both mouse and human 
Trog against negative effects of TNF-c, which ap- 
pears to act in Ty.s by unleashing PKC-0 from the 
distal pole. In Ty, PKC-8 is part of a strong pos- 
itive circuit with free access to TCR signalosomes 
in the IS, NF-«B activation, increased expression 
of IL-2, proliferation, and survival (/7, 25, 26). 
PKC-0 is not sequestered in the distal pole of Ter: 
although the negative regulators like Csk binding 
protein are (27). In contrast, we noted that Treg 
display increased IS stability, consistent with de- 
creased PKC-0 activity in the IS and attenuated 
‘NF-xB activation. The proposed role of NF-«B in 
inhibition of T,.g function is consistent with the 
system-wide role of this family of transcription 
factors in promoting inflammation (28). IS stabi- 
lization may enhance T,.. function on the basis of 
recent evidence for an important role of IS in Tg 
effects mediated through dendritic cells (/, 29). 

In conclusion, formation of IS induces altered 
signaling pathways in T,.., which is characterized 
by reduced recruitment of Sre kinases, PKC-0, 
and Carma-I to the IS. Moreover, in Tro, PKC-0 
acts as a proinflammatory mediator, and this effect 
is enhanced by TNF-a. Indeed, T,.. treated with 
C20 displayed enhanced ability to prevent auto- 
immune colitis and to restore function of T,.. from 
RA patients. Thus, targeting the PKC-0-mediated 
negative feedback loop enhances the activity of 
Trg and makes them resistant to cytokines asso- 
ciated with the inflammatory milicu found in some 
autoimmune diseases. Thus, inhibition of PKC-8 
in T,.g may be a valuable component in T,., adop- 
tive immunotherapy to treat autoimmunity and 
graft versus host disease (30), 
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An Ever-Brighter Future 
for Fluorescence 


New, less toxic fluorescent proteins and tags, and strategies for 
delivering them, are allowing researchers to watch processes within 
cells never before observed. Industry and academia are now working 
to not only detect these processes, but also localize and quantify 
them. By Anne Harding 


luorescent dyes and tags have come a long way since 

the cloning of green fluorescent protein (GFP) nearly two 

decades ago. Researchers now have a literal rainbow 

of products to choose from, in an array of forms from 

nanoparticles to proteins, and can increasingly multiplex 
their experiments by using several different colors. “Twenty years 
ago, people were lucky to be able to detect green fluorescence,” 
says Kathy Free, senior product manager of Invitrogen, part of Life 
Technologies. “With the advances in instrumentation, they actually 
now are comfortable with four or five colors at once.” 

“Probably since about 2007 there has been a real explosion of new 
fluorochromes,” says Richard Eglen, president of biodiscovery at 
PerkinElmer. "|t really is starting to open up the field dramatically.” 

Roger Tsien, who shared the 2008 Nobel Prize in Chemistry for 
his work in developing GFP as a tagging tool, developed a series 
of recombinant fluorescent proteins, including the farred mPlum 
and mRaspberry, all derived by directed mutagenesis from a mono- 
meric mutant of DsRed, which itself was derived from a Discosoma 
reef coral fluorescent protein. Clontech, a part of the Takara Bio 
Group, which first commercialized GFP technology as a cell biology 
research tool, back in 1994, also has commercialized these tags es 
Fruit Fluorescent Proteins. 

As always, the makers of fluorescent dyes and tags are aiming for 
everimproving brightness and photostability, while the increasingly 
widespread use of live cells has pushed companies to come up with 
new ways to illuminate activities within cells without harming them. 
Progress remains to be made in the development of probes that are 
spectrally distinct enough in fluorescence and activation to increase 
multicolor experiment capabilities; meantime, researchers are using 
photoactivatable and photoswitching proteins to observe biological 
processes at the molecular scale 


GETTING COLOR INTO THE CELL 
Fluorescence is not just about color, of course; it's also about finding 
new ways to get those colors into the cell. The click chemistry con- 
cept introduced by K. Barry Sharpless of the Scripps Research Insti- 
tute (who shared the 2001 Nobel Prize in Chemistry for this work) 
is allowing investigators to tag proteins using a much simpler, less 
toxic process. Invitrogen offers a number of Click-iT labeling kits and 
reagents based on click chemistry, with reactive probes incorporat- 
ing the company’s Alexa Fluor dyes. 

Invitrogen's Click-iT tools use a coppercatalyzed alkyne and azide 
reaction to join biomolecules. Because the alkyne-azide links use 
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Human epidermal keratinocytes stained for 
endoplasmic reticulum (green), actin (red) 
and DNA (biue). 


With the advances in 
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actually now are comfortable 
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functional groups not found in biological systems, they help investi- 
gators avoid nonspecificity and background noise. 

Fredika Robertson, a professor at The University of Texas M.D. 
Anderson Cancer Center, uses Invitrogen's Click-iT EdU assay to 
study the behavior of the tumorinitiating, putative cancer stem cells 
that give rise to inflammatory breast cancer, a rare and lethal form 
of the disease that does not respond to chemotherapy or radiation. 
"The way to enrich for these cells and to study them is to develop 
three dimensional models in culture,” Robertson explains. She and 
her colleagues culture the cells under low adherence conditions so 
they spontaneously form tumor spheroids. Robertson has been able 
to label and track the cells from which these breast cancers emerge 
using this model. 

Initially, Robertson used bromodeoxyuridine (BrdU) to observe rep- 
lication of these cells. Unlike BrdU, the Click-iT EdU assay does not 
require extensive pretreatment to visualize the nucleoside label that 
defines them as “label-retaining cells." 

“This is an improvement over BrdU since the quality of the images 
of the 3D spheroids is improved, allowing quantitation of the label- 
retaining cells and providing an assay to examine the effect of agents 
that may target these cancer stem cells,’ Robertson says. 

One limit to the click chemistry approach is the toxicity of copper, 
Robertson says, although Carolyn Bartozzi, director of the Molecular 
Foundry at the Lawrence Berkeley National Laboratory, and her 
colleagues are working on a copperfree version. In continued » 
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"| think click chemistry has 
given us the means to view 
these dynamics in a way 
that we couldn't do before, 
but there are innovations 
coming soon that will make 


it even better. 


Co-culture of murine macrophages and 
mesoangiablast stom cals stained for 
macrophage CD! 1b (red), mesoangiablast 
myosin (green) and DNA (blue. 


January, Bartozzi and her team reported on their use of the copper- 
free technique to monitor the dynamics of glycans in mice, the first 
time that click chemistry has been safely used in a living organism. 
“| think click chemistry has given us the means to view these dy- 
namics in a way that we couldn't do before,” Robertson says. “But 
there are innovations coming soon that will make it even better.” 


FOCUSING ON THE RIGHT END 

OFTHE SPECTRUM 

Farred is the hottest end of the spectrum right now for fluorescent 
dye development, for both microscopy and in vivo imaging, many 
in the industry say. The instant signal-to-noise ratio advantage that 
near-infrared fluorescence offers in imaging biological tissues, which 
do not autofluoresce in this wavelength, allows for seeing more 
deeply and clearly into samples and animals. 

Steve Shifflet, technical product manager for Thermo Scientific 
Pierce Protein Detection Products, says that farred and nearinfrared 
dyes will continue to be a significant part of his company’s efforts. 
“This will continue to be an area of increasing focus in the life sci- 
ence industry,” he said. “This is still a relatively new area that pres- 
ents lots of opportunities.” 

In February of this year, Thermo released its DyLight 680B Dye, 
a brighter version of its DyLight 680. The new dye is significantly 
brighter than Alexa Fluor 680 Dye, Shifflet says. 

Moscow-based Evrogen has also made red and farred fluorescent 
proteins a focus, says head of product development Ilya Kelmanson. 
“Now our product line includes four extremely bright red and farred 
fluorescent proteins that can be used in different kinds of in vivo 
imaging applications, including two-photon microscopy and whole 
body imaging,” Kelmanson says. 

Evrogen just released a second-generation version of its farred 
monomeric fluorescent protein mKate, mKate2, which is three times 
brighter than its predecessor and 10 times brighter than mPlum, and 
has a maturation half-time of less than 20 minutes, compared to 
mCherry’s 40 minutes, according to the company. 

Clontech also boasts several far-red products designed for in vivo 
use. "DsRed-Express2 and E2-Crimson were developed and vali- 
dated specifically for high solubility and use in stem cells and other 
sensitive cells” says Suvarna Gandlur, product manager at Clontech. 


“Unlike most farred fluorescent proteins, E2-Crimson combines a 
favorable emission wavelength with a bright signal, for easy detec- 
tion in vivo. Another ideal choice for in vivo imaging is tdTomato, 
which has been imaged as deep as 1 cm below the surface in SCID 
[severe combined immunodeficiency] mice." Gandlur said the com- 
pany is working on developing additional, application-specific fluo- 
rescent proteins for in vivo and other uses. 

Carestream Health stakes the claim for nearinfrared dyes with 
the biggest Stokes shift. The company’s Kodak X-Sight Large Stokes 
Shift Dyes and LSS Dye Conjugates offer 85 to 98 nanometer separa- 
tion of excitation and emission peaks within the near-infrared range, 
the only products now available with such a large, naturally occurring 
Stokes shift in the nearinfrared range, says Seth Gammon, in vivo 
product manager at Carestream Molecular Imaging. 


TARGETING STRUCTURES AND PROCESSES 
Fluorescent labels that target specific cell structures and systems 
for quickly identifying particular processes in cellular metabolism and 
division are other important areas of growth in the field. Evrogen 
offers expression vectors for labeling of six subcellular structures 
and nine key proteins, and a choice of colors is available for most of 
them. Active Motif sells two self-staining kits, one for staining mi- 
tochondria, another for staining the cytoskeleton in fixed cells. And 
Invitrogen’s Cellular Lights target six key proteins, while its Organ- 
elle Lights target 11 subcellular structures. 

Limitations of organelle-specific probes include photobleaching 
and quenching upon concentration in the target organelle, or only 
transient association with that organelle, Enzo Life Sciences re- 
searchers noted in a 2009 report in FASEB Journal. |n that report, 
they describe a new “family” of red-emitting, organelle-specific 
probes—part of their CELLestial product line—that they say are 
“highly resistant” to these problems. 

Cellular processes that can now be studied with “ready to go" 
fluorescence kits include cellular division, autophagy, apoptosis, and 
more. Probes produced by Invitrogen and MBL International that 
license work done in the lab of Atsushi Miyawaki at the Brain Sci- 
ence Institute for Physical and Chemical Research (RIKEN) in Tokyo 
use the fluorescent ubiquitination-based cell cycle (Fucci) to visualize 
the cell cycle in real time. 

Clontech’s Lenti-X Actin Dynamics Monitoring Kit allows users to 
monitor actin filament behavior in live cells. The company also offers 
Precloned CRE and NFxB DD Reporter Systems, which use Clon- 
tech's brightest red, green, and cyan reporters to monitor commonly 
studied signal transduction pathways. 


MAKING SENSE OF SENSORS 
One goal companies are reaching for is to make sensors that not only 
indicate that something is happening, but show where it's happen- 
ing, quantitatively. "The two strategies are going to be fluorophore/ 
quencher pairs, as well as probes that are actually modified by the 
chemical they're trying to detect,” predicts Carestream’s Gammon. 
Molecular Devices’ FL|PR calcium flux assays, introduced in 1999, 
employ a calcium-sensing fluorescent dye along with quenching 
technology, and eliminate the need for cell washing following dye- 
loading. The company, now a part of Danaher, released continued” 
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its FLIPR Calcium 5 Kit in June of last year, but expects to keep the 
original FLIPR Calcium Kit, as well as versions 3 and 4, on the market 
for as long as its customers need them. "Certain targets respond bet- 
ter to certain versions of the systems,” notes applications scientist 
Carole Crittenden. 

Companies are also introducing sensors that use fluorescence res- 
onance energy transfer, or FRET, in which a conformational change 
brings together two fluorophores attached to the sensor; the excited 
fluorophore then transfers energy to its unexcited neighbor. 

Invitrogen’s Molecular Probes Premo Cameleon Calcium sensor 
uses genetically encoded sensors for FRET-based ratiometric 
detection for quantitative results, delivered by the company’s 
BacMam system. 

Evrogen has two genetically encoded fluorescent sensors for 
detecting caspase-3 mediated apoptosis in living cells, both FRET 
based. The company also sells non-FRET-based sensors, including 
its HyPer line, the first and only genetically encoded sensor capable 
of detecting intracellular hydrogen peroxide, and Case12, for detect- 
ing intracellular calcium ion changes. 


ON AGAIN, OFF AGAIN FLUORESCENCE 
Photoactivatable and photoswitchable fluorescent proteins are 
another key area of innovation, useful for observing dynamic pro- 
cesses within cells and in single molecule-based superresolution 
protein localization. Photoactivatable fluorescent proteins go from 
“off” to “on” with exposure to light of a certain wavelength, and will 
continue to fluoresce until they bleach out. Photoswitchable proteins 
can be switched from dark to bright or red to green; using light of 
a different wavelength, they can then be switched back to their origi- 
nal state. 

Jennifer Lippincott-Schwartz, who started working with GFP in 
1994 and has made major advances in the use of fluorescence in 
imaging—both at the conventional and molecular levels—has de- 
veloped a way to use photoswitching and photoactivatable proteins 
(and even light-activated conventional fluorophores) to watch traf- 
ficking within cells at the molecular level. She and her colleagues 
together with physicists Eric Betzig and Harald Hess first reported 
‘on the technique, known as PALM (photoactivated localization mi- 
croscopy). Xiaowei Zhuang and her colleagues at Harvard Univer- 
sity have developed a similar technique, STORM (stochastic optical 
reconstruction microscopy), that uses photoswitchable dyes. 

Rather than lighting up ten thousand molecules at once—produc- 
ing a bunch of overlapping blurry spots—a low amount of activating 
energy |s used to light up just a few at once; this handful of mol- 
ecules will be far enough apart to be imaged as a spot shape. “That 
shape, because it has a Gaussian profile, can be fit into an algorithm 
that allows you to define with very high precision the shape’s center, 
used as the molecule’s position,’ Lippincott-Schwartz explains. Then, 
thousands of these images are combined to map the total popula- 
tion of molecules. “It’s similar to pointillism,’ she adds. “You're build- 
ing an image by combining small, distinct spots.” 

There are over 20 different varieties of photoswitching or photoac- 
tivatable proteins available, says Lippincott-Schwartz. “The prolifera- 
tion of these photoactivatible or photoconvertible fluorescent pro- 
teins permits a variety of novel imaging schemes for obtaining new 
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biological insights,” she says. "That said, the fluorescent proteins 
don't give off a huge amount of photons, only about a tenth of the 
photons that would be produced by a photoswitchable dye.” 

There has been major interest in trying to develop these sorts of 
dyes, she adds, with one approach involving caging a dye with a 
protective group that is destroyed when it's illuminated, permitting 
the dye to fluoresce. But dyes have their own challenges in that they 
need to be targeted somehow, for example with antibodies, which 
carry the risk of nonspecificity and also limit resolution due to their 
relatively large size. Click chemistry can also be useful, she adds: 
“Because the protein has been only slightly modified with a cysteine 
tag or something similar for recruitment of a dye, the protein stays 
close to its original size and so is more likely to target correctly.” 

Lippincott-Schwartz and her team are now working on double- 
labeling two different proteins, and are also collaborating with Hess 
at Howard Hughes Medical Institute's Janelia Farm to look at the 
three-dimensional distribution of molecules within cells. 

According to Lippincott-Schwartz, companies that make imaging 
equipment have worked closely with researchers in this area to 
make sure their confocal microscopes and other tools keep up with 
these types of experimental innovations. 

“It's an absolutely amazing synergy between very different groups 
of people: the physicists who are building the microscopes, the 
chemists who are working on the probes, and then the biologists 
who put all of this together to answer biomedically related ques- 
tions," she says. “All three groups seem to be moving forward. 
It's pretty neat to see this. It's the right time for all these disparate 
groups coming together.” 


‘Anne Harding is a freelance science writer based near New York City. 
DOI: 10.1126/science.opms.p1000043 
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Thermo Fisher Scientific 


FLUORESCENCE SPECTROMETER 


The Lumina is a research-grade, dual-monochromator scanning fluorescence spectrometer that 
offers a new level of clarity in fluorescence measurement. Designed for both demanding re- 
search applications and routine laboratory analyses, the Lumina delivers 0.5 nm spectral band- 
width, high sensitivity, and fast scanning speed. Its ability to provide 0.5 nm spectral bandwidth 
gives it superior resolving power compared with competitive systems in the same price range. 
It offers lower limits of detection, less noise, and more consistent baseline measurements. Its 
powerful xenon lamp, combined with optimized monochromators, allows for the detection of 
sample concentrations below the parts-perbillion level for heavy metals, polycyclic aromatic hy- 
drocarbons, and more. Its photomultiplier detector offers extended measurement of the near 
infrared wavelength, for cutting-edge research in biochemistry and photosynthesis applications. 


\ 


For info: 800-532-4752 | www.thermo.com/glows 


FLUORESCENCE MICROSCOPES TOOL 

The VivaTome for fluorescence microscopes is a tool for develop- 
mental and cell biologists to examine the dynamics of living speci- 
mens without extensive prior knowledge of optical sectioning. The 
VivaTome offers ease of use and excellent results in the visualization 
of fast processes. It is designed for applications in which temporal 
resolution is a priority. It provides clear, easy-to-interpret and quantifi- 
able results for biological specimens, whether cell structures, tissue 
sections, or living organisms. Using simple and economical white 
light illumination, it can achieve frame rates of up to 30 frames a 
second. It can be used with the entire spectrum of Zeiss objective 
lenses with consistently high optical section quality. 

Carl Zeiss Microlmaging 

For info: +49-(0)-3641/64-2770 | www.zeiss.de/vivatome 


FLUORESCENT PROTEIN AND TECHNOLOGY 

CATALOG 

The 2010 Evrogen Catalog describes innovative novel fluorescent 
proteins for biological research and commercial biotechnology 
applications. The catalog includes basic Tag and Turbo fluorescent 
proteins, photoactivatable proteins, fluorescent biosensors, and 
antibodies to detect fluorescent proteins, as well as a panel of nucleic 
acid research kits. It describes fluorescent proteins ranging from blue 
to farred, covering a spectrum of eight colors useful for multicolor 
labeling of cells, cell organelles, and proteins. It includes a pair of 
fast-maturing far-red fluorescent proteins for whole body imaging 
and a set of fluorescent proteins that can be used in fluorescence 
resonance energy transfer applications as donors and acceptors 
Axxora 

For info: 800-550-3033 | www.axxora-usa.com 
MICROPLATE READER 

The Biochrom Asys UVM 340 is a monochromator-based plate reader 
that lets the user select the exact wavelength to measure optical 
density for an application, without compromise. The user can select 
to measure absorbance at any wavelength between 340 nm and 800 


nm at 1 nm intervals. The instrument is suitable for enzyme-linked 
immunosorbent assays and other absorbance applications with no 
need to purchase expensive extra filters or to change instruments to 
perform different assays. The Biochrom Asys UVM 340 is a single- 
channel microplate reader that can read 12 96-well plates, for greater 
plate-format flexibility than multichannel systems. It can be integrated 
into automated systems and features a compact footprint. 
Biochrom 

For info: +44-(0)-1223-423723 | www.biochrom.co.uk 


FLUORESCENT CONJUGATES 

Several new DyLight fluorescent conjugates for immunofluorescent 
staining are available for conjugation to affinity-purified antimouse 
IgG, antirabbit IgG, and streptavidin. The Dylight fluorescent dyes 
are direct alternatives to traditional fluorophores such as fluorescein 
and rhodamine. The dyes currently offered are DyLight 488 (green), 
Dylight 549 (orange), and DyLight 594 (red). These new conjugates 
offer brighter fluorescence and greater photostability than other fluo- 
rochromes, yet can be used in existing protocols because of their 
parallel excitation/emission spectra. They are stable over a pH range 
of 4 to 9. They can be used as single labels or in combination with 
other fluorophores. 

Vector Laboratories 

For info: 650-697-3600 | www.vectorlabs.com 


NEAR INFRARED FLUORESCENT DYES 

The DyLight 680B Dyes for directly labeling proteins and other 
biomolecules exhibit fluorescence intensity up to 10 times greater 
than similar dyes. Their applications include enzyme-linked immu- 
nosorbent assays, fluorescence microscopy, protein arrays, in vivo 
imaging, and protein immunoblot analyses. They are available in both 
amine-reactive and sulfhydryl-reactive chemistries. They exhibit ex- 
citation and emission spectra at 679 nm and 698 nm, respectively. 
Thermo Fisher Scientific 

For info: 815-968-0747 | www.thermofisher.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dt! for more information: 
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TWO TENURE-TRACK POSITIONS 
in Vector-Borne Disease and Insect 
Neurophysiology/Toxicology/Pharmacology 

‘The Department of Biochemistry at Virginia Tech 
secks applicants for a tenure-track ASSISTANT PRO- 
FESSOR position in vector-borne disease. Excep- 
tionally qualified applicants for higher ranks will also 
be considered. Candidates who work on any aspect 
of vector-borne diseases in a biochemical and/or mo- 
lecular context will be considered. The successful 
candidate will build and maintain an internationally 
d, extramurally funded research program, 
ate in instruction, and will be open to col” 
research. Competitive startup package will 


be provided. The successful candidate will join a group 
of active and collaborative colleagues in vector-borne 
disease research (wel ./ /wew.vectorborne. 


biochem.vtedu). Applicants must apply online (website: 
http://Awww.jobs.vtedu, posting #0100123) and ar- 
range for three reference letters to be sent electronically, 
if possible, to one of the co-chairs of the Vector- 
Borne Disease Search Committee, Dr. Glenda Gillaspy 
(email: gillaspy@vt.edu, telephone: 540-231-1850) 
and Dr. Zhijian Tu (e-mail: jaketu@vtedu, tele- 
phone: 540-231-8062), Department of Biochem- 
istry, Virginia Tech, Blacksburg, VA 24061. 

‘The Department of Entomology at Virginia ‘Tech 
seeks applicants for a tenure-trick ASSISTANT PRO- 
FESSOR position in insect neurophysiology /toxicology/ 
pharmacology. Applicants should have a Ph.D. with 
expertise in insect neurophysiology, toxicology, and/or 
pharmacology and a demonstrated ability to conduct 

jenced by a strong publication record. 


accessfil candidate will be expected to establish and 
maintain a well-funded, productive research program. 


ing with graduare students, demonstrated expertise in 
teaching, and the ability to work in a team environment. 
Applicants must apply online (website: http://www. 
jobs.vtedu, posting #090562) and arrange for three 
reference letters to be sent electronically, if possible, to 
the chair of the Insect Neurophysiology/Toxicology/ 
Pharmacology Search Committee, Dr. Don Mullins 
(e-mail: mullinsd@vt.edu, telephone: 540-231- 
5978), Department of Entomology, Virginia Tech, 
Blacksburg, VA 24061-0319. 

Applications will be reviewed beginning May 1, 2010. 
However, the positions will remain open until filled. For 
‘complete job descriptions and departmental information 
see websites: http://www.biochem.vt.edu and 
http://web.ento.vtedu/ento/, respectively. 

Virginia Tech is an Equal Opportunity/Affimative Action 
Institution. 


EXECUTIVE DIRECTOR 
Society for Conservation Biology 

“The Society for Conservation Biology, an intemational 
professional organization, is secking an Executive Dirce- 
The position serves the global membership of the 

,, oversees the operations of its publications 
onservation Biolagy, Conservation magazine, and 
Conservation Letters), ensures the successful organiza- 
tion of the biennial global mecting of the membership, 
supports SCB programs, and represents the mission of 
B to diverse audiences. 

‘The Executive Director reports to the Executive 
Commitee of the elected Board of Governors, supports 
the activities of the committees of the Board, and 
manages the SCB executive office in Washington, D.C., 
and staff located elsewhere, 

We seck outstanding candidates who understand the 
role of science in conservation and have strung manage- 
rial and administrative experience, a track record in fund 
raising and program development, and the ability to 
respond to the needs of a diverse and global membership. 

Applicants should submit electronically a cover letter 
along with curriculum vitae and names and addresses 
of three references, addressed to John G. Robinson, 
Chair, SCB Executive Director Search Committee, 
€-mail: edsearch@conbio.org. For a full job descrip” 
tion, visit us at website: http://www.conbio.org. 
Applications should be received by April 30, 2010. 


UtshStateUniversity 


ASSISTANT OR ASSOCIATE PROFESSORS 
in Infectious Disease Animal Modeling and 
Molecular Biology of Infectious Disease 

‘The Animal, Dairy, and Sciences D 
ment at Utah State University is accepting applications 
for nwo now ese are nine-month, 
tenure-track re aching positions finded by 
the Utah Science, Technology and Research (USTAR) 
(website: hetp://ustar.usu.edu/), ‘The research focus 
of the Infectious Disease Animal Modeling position will 

i to understand 
, and for the development of 

s, and vaccines for infections 
and immune-mediated diseases, The research focus of 
the Molecular Biology of Infectious Disease position will 
be to understand infectious discase mechanisms at the 
molecular structural or genetic levels of hosts (animal or 
human) and pathogens, and how such mechanisms 
determine health and disease. Both positions require an 
M.D./D.V.M. and/or Ph.D. degree(s) in virology, 
bacteriology, immunology, cell biology, developm 
biology, molecular biology, mole 
related field plus two years of exp 
hetp://jobs.usu.edu (requisition [D 052058 and 
052059) for full job description and to apply online, 
Affinyaive Action/Equal Opportimity Employer 


TENURE-TRACK FACULTY POSITIONS 
IN INFLAMMATION 
Faculty Excellence Initiative 

‘The Department of Pathology, Microbiology and 
Immunology, School of Medicine, U 
Carolina (USC), Columbia, invites applications for 
tenure-track ASSISTANT PROFESSOR positions 
in the broad area of inflammation, Candidates must 
have a Ph.D. or M.D. or equivalent with postdoctoral 
research experience. Outstanding applicants working 
in any area of inflammation complementary to our 
existing faculty interests (website: http://pmi.med. 
edu/default.html) will be considered, The areas in- 
clude inflammation as it relates to bacterial and viral 
infections, cancer, toxicology, and complementary and 
alternative medicine to treat autoimmune/inflammatory 
diseases. Candidates are expected to develop a strong, 
extramurally funded research program using cutting” 
edge cellular and molecular techniques as well as to 
participate in the teaching mission of the Department, 
Investigators who have shown evidence of indepen- 
dence through active grant funding are encouraged to 
apply. Competitive salary and startup fands are available, 
Apply with curriculum vitae, statement of research plans, 
and three letters of recommendation to: Dr, Mitzi 
Nagarkatti, Chair, Department of Pathology, Micro- 
biology and Immunology, University of South 
Carolina School of Medicine, Columbia, SC 29208, 
Or e-mail: inflammation@uscmed.sc.edu. ‘The search 
will stat immediately and continue till the position is 
filled. USC Calta & an Equal Opportnity/Afinnative Aion 
Employer and exzounyes applications from women aud minorities 


ASSISTANT PROFESSOR 
TENURE-TRACK POSITION 
A faculty position in the Departm 
thology, Physiology, and Weed 


competition, allelopad 
flow/introgression, microbial interactions, eace 
to climate change, and risk assessment Of novel en- 
gincered or biofuel crops. Teaching responsibilities will 
include training of graduate students and primary 
for undergraduate and graduate o 
in weed science. Further information and application 
information are available at website: https:/ /jobs.vt. 
edu under posting number 0100132. 
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Senior Editor 
Science Translational Medicine 


Science and AAAS seck a talented scientist 
to serve as a Senior Editor for our new inter- 
disciplinary journal, Science Translational 
Medicine. 
‘This position is designed for an individual with 
broad interests, a lively curiosity, and experi- 
ence with cutting-edge research in at least one, 
but preferably more than one, biomedical or 
clinical research field, To round out our edito- 
rial team, we would like our new Senior Editor 
to haye expertise in immunology (vaccines 
and autoimmune disease especially welcome) 
or bioengineering (devices, tissue engineering 
and stem cells are areas of preference) 
Responsibilities include, but are not limited to: 
* Provide senior leadership for and coordina- 

tion of encouraging and evaluating original 

research papers for the journal; 

Supervise the Associate Editors of the 

journal; 

Judge the scientific value of researc! 

Foster relationships and communication with 

the scientific community through literature 

reviews, meetings and professional contacts; 

Manage the review, selection, and editing of 

submitted manuscripts; 

Select reviewers for submitted manuscripts; 

Discuss and make recommendations regard- 

ing manuscripts and reviews with other staff, 

advisers, authors; 

Write summaries of research results for pub- 

lication; 

Guide authors on manuscript revisions; 

Edit the manuscripts for scientific content and 

style before and after revisions; 

Follow the manuscript through production 

process to ensure material is published in a 

timely manner; and 
+ Travel to scientific meetings. 


The minimum qualifications to be competitive 

and considered for the position are: 

+ Mastery of a professional field typically 
acquired through completion of a doctoral 
degree in at least one biomedical or clinical 
research field; 

Five to ten years of postdoctoral research and 
experience in a broad variety of scientifi 
research topi juding multiple publ 
tions and scientific editing experience; 
Experience editor and/or equiv 
lent supervisory or management experience in 
a scientific field; 

Ability to work constructively as a member of 
ateam; 

Experience with cutting-edge research in one 
of the fields mentioned above; 
Comprehensive knowledge of scient 
research methods in order to discuss techni- 
cal issues with authors; and 

Exceptional writing, communication, and 
listening skills in order to communicate with 
authors and reviewers in evaluating, editing 
and modifying manuscripts 

If you would like to be a member of the 

AAAS team, please visit our Job Information 

website at http://www.aaas.org/careercenter/ 

employmentataaas/ to get more information 

and to apply online today (req. #1817). 


AAAS is an Equal Opportunity Employer. 
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Director, Florida Institute of 
Oceanography 


The University of South Florida (USF) 
invites applications and nominations for the 
position of Director of the Florida Institute of 
Oceanography (FIO). The ideal director will 
provide the vision to lead coastal 
oceanographic research in Florida to the 
forefront of the national and international 
stage. USF is especially interested in 
ndidates who demonstrate strategic 
leadership that is visionary, innovative and 
entrepreneurial. The mission of the FIO is to 
(1) provide a diverse and collaborative 
statewide forum addressing problems of 
concern in coastal oct research 
and edu id integrate 
existing physical and intellectual resources 
within the SUS and throughout Florida; (3) 
anticipate and plan for future infrastructure 
needs; (4) facilitate, promote and support 
collaborative ocean-related research and 
education statewide; and (5) develop and 
strengthen networks that enable timely 
identification of oceanographic research 
opportunities and distribution of research 
results and other information to the general 
public, natural resource management 
agencies and local, state and national 
policymakers. 
In line with the service mission of the FIO, 
the Director will be expected to work to 
provide opportunities for the member 
institutions and their faculties, to maintain 
close contact with the member institutions 
through regular visits and to take advantage 
of opportunities to serve on state and federal 
commissions, committees and panels 
relevant to the FIO mission. 
Minimum qualifications: For 
consideration, candidates must possess a 
doctoral degree in a discipline related to 
oceanography or marine science and at least 
five years of administrative experience that 
includes facilities operations, program- 
building, and fund-raising. In addition, 
candidates must demonstrate a vision for 
oceanographic research, unquestionable 
integrity, and a high level of energy. 
Preferred qualifications: The successful 
candidate will be a recognized leader, both 
nationally and internationally; will have 
demonstrated broad and diverse experience 
{o recognize coming trends in oceanography; 
will demonstrate success in budget pla 
financial management, and supervision of 
personnel; and will possess effective 
organizational and communications skills. 
This is a 12-month full-time administrative 
appointment. A faculty appointment may be 
considered for an appointee with appropriate 
demic credentials and accomplishments. 
The anticipated appointment date is August 1. 
2010. The salary will be internationally 
competitive with excellent fringe benefits. 
USF values campus diversity and encourages 
members of historically underrepresented 
groups to apply. 
A full position announcement and application 
instructions may be accessed at: 
https://employment.usfiedu. 
USF is an EO/AA/EA Institution. For 
disability accommodations contact Ms. 
Desiree Woroner at dworoner@usf.edu at 
least five working days in advance of need. 


UNIVERSITY OF 
SOUTH FLORIDA 


Howard E. Cosgrove 
Chair in Environment 


One of the oldest institutions of higher education in 
this country, the University of Delaware today com- 
bines tradition and innovation, offering students a rich 
heritage along with the latest in instructional and 
research technology, The University of Delaware is a 
Land-Grant, Sea-Grant, and Space-Grant institution 
with its main campus in Newark, DE, located hallway 
between Washington, DC and New York City, Please 
visit our website at www.udel.edu, 


We seek an intemationally renowned scholar in envi- 
ronmental science, engineering, policy, or economics 
to further enhance the prominence of the university's. 
environmental interdepartmental teaching and 
research programs, and to assist in building the 
Delaware Environmental Institute (DENIN) to a posi- 
tion of national and international prominence. To com- 
plement the Cosgrove Chair, we anticipate additional 
faculty hires in @ number of environmental areas 
including: blogeochemistry, aerosol science, environ- 
mental toxicology, ecology, environmental economics, 
‘and social behavior and policy. The Cosgrove Chair is 
‘a university-wide position, with potential appointments 
in multiple departments. The University of Delaware 
provides an outstanding environmental research base 
through existing strengths in a number of areas Includ- 
ing biogeochemistry, soil and environmental chem- 
istry, environmental engineering, environmental micro- 
biology, environmental genomics and bioinformatics, 
geomicrobiology, land/coastal dynamics, land use, 
nutrient management, environmental modeling, 
hydrology, environmental forecasting and restoration, 
ecosystem health and sustainability, and environmen- 
tal policy and economics. These activities are carried 
out across the University’s seven colleges and in a 
number of well regarded institutes and centers of 
‘excellence, including the Center for Climate and Land- 
Surface Change, Center for Energy and 
Environmental Policy, Center for Remote Sensing, 
Delaware Geological Survey, Delaware Water 
Resources Center, Disaster Research Center, 
University of Delaware Energy Institute, Institute of 
Soil and Environmental Quaiity, and Water Resources, 
Agency, among others. More details on our environ- 
mental programs can be found at www.environmental- 
Portal.udel.edu/ . The need to utilize the strengths in 
the colleges, institutes, and centers, and to foster col- 
laboration and enhance competitiveness in attracting 
outstanding faculty and students, led to the creation of 
the Delaware Environmental Institute, DENIN's goals 
are to initiate interdisciplinary research projects, sup- 
Port interdisciplinary academic programs, forge part- 
erships among government agencies, nonprofits, 
industry, policymakers, and the public to address envi 
ronmental challenges and coordinate and sponsor 
University-based interdisciplinary initiatives, DENIN 
will strive to translate cutting-edge discovery research 
to applications that will benefit the state and nation 
land help create sound environmental policies while 
working with govemment and the private sector to cre- 
ate and promote green jobs and green technology. 
More details on DENIN can be found at 
www.udel.eduldenin 


Candidates for the position are expected to hold a 
Ph.D or equivalent degree and have a demonstrated 
record of accomplishments and leadership in environ- 
mental research and scholarship commensurate with 
‘appointment to a senior faculty position in one or more 
departments of the university. Nominations and appl 
cations should be submitted electronically to 
als@udel.edu or sent to Environmental Chair Search 
Committee, University of Delaware, Delaware 
Technology Park, 15 Innovation Way, Suite 103, 
Newark, DE 19711. Application materials should 
include a statement of interest, curriculum vitae, 
description of research and teaching interests and 
accomplishments, and the names and contact infor 
mation of at least four references. Review of appiica- 
tions will begin immediately, and will continue until the 
position is filled. 


‘The UNIVERSITY OF DELAWARE is an Equal 
Opportunity Employer which encourages applica- 
tions trom Minority Group Members and Women. 


Supervisory Medical Officer GS-602-15 
Clinical/Medical Branch 
Division of Pharmacotherapies and Medical 
Consequences of Drug Abuse 
National Institute on Drug Abuse 
National Institutes of Health (NIH) 
Department of Health and Human Services 


‘The National Institute on Drug Abuse (NIDA) at the National Institutes of Health (NIH) is seeking a senior-level medical officer with expertise in 
medications development and the conduct of clinical trials who will bring significant experience to operate in an intellectually challenging Federal 
biomedical research institution engaged in a program to develop novel pharmacotherapies to treat drug addictions. 


This is a Supervisory, GS-15 level position that offers a unique and challenging opportunity for the right individual to direct an extramural scientific 
program of national and international scope within the National Institute on Drug Abuse. 

‘ul candidates will have a knowledge of neuropsychopharmacology and clinical research, and have experience in medications development, 
The candidate should also possess knowledge of addiction medicine and the neuroscience of addiction. Managerial experience in medications 
development in the biotech or pharmaceutical sectors, or Federal service for at least 5 years is highly desirable. The individual must also have 
demonstrated ability to manage personnel, budgets, and timelines across multiple fiscal years. 


Salary is commensurate with experience at the GS-15 level and a full package of Federal benefits is available including retirement, health and life 
insurance, long term care insurance, leave and savings plan (401 K equivalent). Physicians Comparability Allowance of up to $30,000 per annum 
may be paid based on the selected physician’s assignment, qualifications, experience, and duration of a negotiated service agreement 


Application Process: This announcement will be open from April 8 through May 11, 2010. For additional information about this opportunity as 
supervisory Medical Officer at NIDA, please visit swww.usajobs.gov where detailed information may be found under Announcement HHS/NIH- 
2010-1601. Supplemental documentation must be submitted to Jean Coleman, Human Resources Specialist, NIH, Office of Human Resources 
@ Jean.Coleman@nih.gov, or faxed to (301) 451-5688. 


‘The NIH encourages the application and nomination of qualified women, minorities and individuals with disabilities. 


Department of Health and Human Services 
National Institutes of Health Ng, 
ao? ¥ * National Institute on Aging ses3 
eee Ne Intramural Research Program é Fans 
fational Tnstitute on Aging is is ” 
Staff Scientist - Animal Program Director 


‘The National Institute on Aging (NIA), a major research component of the National Institutes of Health (NIH) and Department of Health and Human Services (DHHS), is recruiting 
for a Staff Scientist-Facility Head who will serve as the Animal Program Director for the NIA Intramural Research Program (IRP). 


‘The Animal Program Director (APD) will work closely with the Chief of the Comparative Medicine Section, and will Serve as the Attending Veterinarian for the NIA Animal Care and 
Use Committee, The APD will provide support for the animal research programs in the Institute, studying animal models of development and aging, and interventions to prevent or 
alleviate aging-related deficits. The supervisory and regulatory responsibilities of this position require the applicant to hold a veterinary degree (D.V.M., V.M.D., or equivalent degree) 
with certification or eligibility for board certification in laboratory animal medicine or veterinary pathology. 


‘The APD will be responsible for the clinical and regulatory aspects of the animal program including continued accreditation by AAALAC. The APD will provide veterinary expertise 
(eq, clinical, surgical, pathology) and training to investigators, animal care, and technical staff in the form of formal instruction and ongoing guidance, The incumbent will perform 
animal surgery and teach appropriate procedures to animal care and technical staff. Familiarity with re-derivation and cryopreservation techniques as well as diagnostic testing is 
desired. The incumbent will take primary responsibility forthe clinical aspects of the animal program and will oversee animal health surveillance and maintain both a barrier facility 
‘and a quarantine area. Applicants must have a proven record of management of an animal research program and demonstrated experience with the regulatory aspects of animal welfare. 
‘The expertise and experience should include, but not be limited to interaction and cooperation with scientific staff in a manner that promotes and facilitates their scientific programs. 


Salary is commensurate with experience and accomplishments. The salary range for Staff Scientists is $89,033 -$173,826. A full Civil Service package of benefits (including retirement, 
health, life and long term care insurance, Thrift Savings Plan, etc.) is available. Additional information regarding the NIA, IRP and the RRB is available at the following websites: 
bttp://www.gre.nia.nih. gov and hitp:/gre.nia.nih.gov/branches/rrb/rrb.him . To apply: Please send a cover letter, curriculum vitae, bibliography, statement of research interests, and three 
letters of recommendation to: Peggy Grothe, Intramural Program Specialist; Oflice of the Scientific Director; National Institute on Aging, 251 Bayview Boulevard, Suite 100-Room 
(04C232, Baltimore, MD 21224-6825. Position will remain open until filled; however, application reviews will begin May 1, 2010. Please include the following vacancy number in all 
correspondence: Vacancy # NIA-IRP-10-02. If additional information is needed, please call 410-558-8012 or email: grothep@mail.nih.gov. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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Cancer Computational Biology Faculty Position 


Department of Pathology and Laboratory Me‘ ie 
and the Institute for Computational Biomedicine 


The Department of Pathology and Laboratory Medicine at Weill Comell 
Medical College is secking a full-time faculty member at the Assistant 


date will develop an independent academic rescarch program within the 
Department of Pathology and the Institute for Computational Biomedi- 
cine, pursuing innovative computational and statistical approaches for 
integrative analysis of cancer genomic data (¢.g., trom deep sequencing, 
proteomics, etc.) to elucidate cancers in terms of DNA alterations, RNA 
profiles, proteomic signatures, and functional responses. The candidate 
will interface with well-established cancer research teams in the arcas 
of prostate cancer and lymphoma/Icukemia that provide an exceptional 
collaborative environment. An outstanding track record of publication 
in cancer research, genomics, and computational biology is required 
for this position 


Interested applicants should forward curriculum vitae, statement of 
interests, and the names and contact information for three references 
to: Mark A. Rubin, MD, Vice Chair for Experimental Pathology, 
Department of Pathology and Laboratory Medicine, Weill Cornell 
Medical College, 1300 York Ave., C-410A, New York, New York 
10065, email: rubinma@med.cornell.edu 


Weill Cornell Medical College is an 
Affirmative Action/Equal Opportunity Employer. 


Post-doctoral Fellows and Research Assistant Professors 
for the Area of Excellence Project 


(Ref.: 20100118) 


Applications are invited for appointments as Post-doctoral 
Fellows (PDF) and Research Assistant Professors (RAP) in 
Emerging Electronics for the AoE Project, from as soon as 
possible for one to three years, with the possibility of renewal. 


Applicants should possess a doctoral degree in Physics, 
Chemistry or Electric Engineering, with stfong experience 
in Computational Science and Engineering. Successful 
candidates will join a multi-institutional interdisciplinary project 
on modeling and simulation of emerging electronics in Hong 
Kong to develop a suite of multi-scale electronic devices 
and automation software tools. Details can be found at 
http://www. physics.hku.hk/~fezhang/AoE/AoE.html. 


Applicants who have responded to the previous advertisement 
(Ref.: RF-2009/2010-435) need not re-apply. 


A highly competitive salary commensurate with qualifications 
and experience will be offered. Annual leave and medical/dental 
benefits will be provided. The appointments of RAPs for two 
years or more will attract a contract-end gratuity and University 
contribution to a retirement benefits scheme, totalling up to 15% 
of basic salary. 


Interested candidates should send a cover letter, C.V. 
and 3 recommendation letters to Ms. Anna Wong (e-mail: 
annaylw@hkucc.hku.hk). Review of applications will continue 
until the posts are filled. Candidates who are not contacted 
within 3 months from the date of their applications may consider 
their applications unsuccessful. 


‘The University is an equal opportunity employer and is committed to a No-Smoking Policy 


Edward E, Whitacre Jr. 
College of Engineering 


The Maddox Chairs in Energy 
at Texas Tech University 


The Edward E. Whitacre Je. College of Engineering at Texas Tech University is committed to 

leveraging these two exeeptionally Jarge endowed chairs at aver $7 million each, 

to become one of the nation's leaders in finding solutions to the world’s energy challenges. 

‘The college is secking world-class researchers in solar and sustainable energy as candidates for 
the Maddox Chairs. 


Donovan Maddox Distinguished Engineering Chair int Solar Energy 


Candidates are expected to have national and international reputation in solar energy based 

‘on research publications. In addition, a record of acquiring extemal resources to su 
research, team building, and mentoring of associates and graduate and undergraduate 

students is necessary. The holder of the Donovan Maddox Chair will be expected to not only 
bring his or her own research activities to the Whitacre ‘of Engineering, but also to 

build 4 collaborative community of scholars at Texas Tech dedicated to solar energy research, 

thereby building a world-class research program. The appointment will be as a full professor 

in the Whitacre College of Engineering. 


Jack Maddox Distinguished Engineering Chair in Sustainable Energy 
Candidates with exceptional and diverse backgrounds in energy sciences and engineering are 
‘ought for this endowed position. The successful candidate will demonstrate a national and 
international reputation for contributions to the solution or advancement of the state of the 
aon. variety of esearch issues in the sustainable energy fields incuding energy eficiency, 
biofuels, wind power, tidal power, geothermal, and energy storage. The successful candidate, 
along with the Donavan Maddox Chaie in Solar Energy, will set the tone, vision, and the path 
in order to build a nationally and internationally recognized program at Texas Tech University 
insustainable energy research, The appointment wil be as fll professor in the 
‘Whitacre College of Engineering. 


Ser will beg the *ipt of applications and will continue until the is filled. 
re lacs apes wil tbe ees pee tad ne bd oapes tthe oa 
(Curriculum vitae and the names and contact information of at least ‘references should be 
submitted at wwmicoe, ttu.cdu/maddox. To nominate a colleague for these chairs, visit 
swwi.coe.ttu.edu/maddox. Nominations can be made anonymously. 


(Questions about the Jack Maddox or Donowan Maddox Chairs should be directed to: 
Jock Madox and Donovan Mon Search Coreatces| 
“Teaas Tech Univers | Whiaere Collegeof Engineering 

Bor 431083 | Lubbock, Teas 79409-3013 | enginesingean coesuuds | 1.800.528.5583 


Huazhong Agricultural University 
Recruits Professor 


B® t+4th4 


Huazhong Agricultural University (HZAU) seeks candidates for multiple 
positions of full-time professors in following fields: Crop Cultivation 
and Farming System, Crop Genetics and Breeding, Pomology, Vegetable 
Science, Microbiology, Biochemistry and Molecular Biology, Aquaculture 
Science, Animal Genetics, Breeding and Reproduction Science, Agriculture 
Economics, etc. We are interested in candidates with oversea education/ 
research experience, good publication records in their field and promising 
research programs. 

HZAU is a National Key university of the Project 211 and a leading 
agriculture university in China, located at Wuhan City of Hubei province. 
The University celebrated its 110th anniversary in 2008 and has several 
world famous research programs, especially in agriculture sciences. The 
beautiful campus is one of the largest in China (4.9 km’), surrounded by 
natural lakes. The campusis also neighboring many famous universities and 
research institutes, shopping centers, excellent schools and kindergarten, 
making it an ideal place for education, scientific research and living 


Depending on the candidates’ qualification and experience, we will provide 


each candidate 100,000-5,000,000 RMB for start-fund and settling-in 
allowance, research assistants and lab space, offer a new on-campus 
apartment of 150 m’, campus job for spouse and school/kindergarten 
for children 


The university also welcomes applications for part-time professors for 
above positions. The university will provide temporary housing during 
the candidate's work time in the university. Part-time professors may have 
research assistant and lab space depending on qualification, 
Qualified candidates can directly contact with the Department of Personnel 
of Huazhong Agricultural University. 
Contactor: Miss Deng Mr. Zhang 
Contact E-mail: rejlzx@mail.hzau.edu.cn 
Contact phone number: 86-27-87280957 
Related Web Site: http://www.hzau.edu.cn 


nabout biotechnology. More seopratc wwwwib.be 


5, Department director 

* ViB- -Department of Medical 
Protein Research 

(UGent) 


TheVIB-department of Medical Protein Research (91 staff) has an outstanding track 
record in proteomics, interactomics, biochemistry, molecular biology and protein 
chemistry. The focus of the department is geared towards unraveling biological 
processes, by enriching this technology base with cell biology, genetics and 
bioinformatics approaches. The ambition of VIB is to move the frontline of science 
in this department by combining proteomics, interactomics and experimental 
approaches with computational approaches to dissect the structure and function 
‘of macromolecular complexes and their dynamic composition to elucidate their 
functions in cells, tissues, organs and the human body. The VI8-department is also 
part of the Faculty of Medicine at UGent. 


The director will provide vision and leadership to the department, with 
responsibility for: 


* developing the departmental research strategy and its future mission 

© creating a stimulating environment and dialectic culture, which fosters talent 
and triggers excellence 

* organizing and managing the department in terms of science, tech transfer, 
logistics, finance and human talent 


It is expected that the director will maintain active research interest in leading an 
independent research lab (significant long term support will be provided to do so). 
The director will be a member of the VIB management committee in which he/she 
has co-responsibility for the overall success of VIB.. 


Requirements for the position: 


VIBis in search for a dynamic, internationally recognized leader to inspire and lead 
the department. 


The selected candidate will be appointed as department director at VIB and will 
have a tenure faculty appointment as full professor at UGent. 


The successful candidates for both positions: 


-profit life sciences centre of excellence located in Flanders, Belgium. About 1,200 scientists and 
s conduct basic research on the molecular mechanisms that are responsible for the functioning of the 
, plants, and microorganisms. Through a close partnership with four Flemish universities - UGent, 
University of Antwerp, and Vrije Universiteit Brussel - and a solid funding program, VIB unites the forces 
irch groups clustered in 8 research departments. The corner stone of VIB's policy is excellence, as well 
s in tech transfer. The goal of the research is to move forward the boundaries of our knowledge of 


tne directors 
= Department director 


*“VIB- -Department of Systems 
Structural Biology Brussels 


(Vrije Universiteit Brussel) 


VIB is starting up a new research department in structural biology, focused on 
solving important biological questions, using structural insight in macromolecular 
complexes. The department will be located in Brussels at the campus of the Vrije 
Universiteit Brussel and will be composed of a selection of existing structural 
biology groups from our current Department of Molecular & Cellular Interactions, 
meeting the standards of VIB and the new director and some new groups, to be 
hired by the new director. The new department can build on existing expertise 
and infrastructure in genetic engineering, protein purification, enzymology, 
calorimetry, fluorimetry, crystallography, surface plasmon resonance, atomic force 
microscopy and protein NMR capacity. 


The director will provide vision and leadership to the department, with 
responsibility for: 


* developing the departmental research strategy and its future mission 

* creating a stimulating environment and dialectic culture, which fosters talent 
and triggers excellence 

© organizing and managing the department in terms of science, tech transfer, 
logistics, finance and human talent 


It is expected that the director will maintain active research interest in leading an 
independent research lab (significant long term support will be provided to do so). 
The director will be a member of the VIB management committee in which he/she 
has co-responsibility for the overall success of VIB. 


Requirements for the position: 


VIB is in search for a dynamic, internationally recognized structural biologist, 
willing to accept the challenge of building an exciting centre of excellence in 
structural biology in Brussels, Belgium. 


The selected candidate will be appointed as department director at VIB and will 
have a tenure faculty appointment as full professor at Vrije Universiteit Brussel. 


® have a Ph.D degree and are expected to be experienced visionary scientists, widely recognized in their academic field, who have demonstrated a strong record of 
scientific publications in leading scientific journals. They will continue their own research program at VIB. 


by preference, have experience with technology transfer and science policy. 


The total package consists of: 


rank as full professor with - preferentially - a track record of management in universities or research institutions, 
have an extensive international network with a wide scope of research collaborations. 
have excellent communication and negotiating skills and have a strong will for developing a common vision and purpose for VIB and their own department. 


(a) personal: * a competitive salary commensurate with experience * total social security, including pension scheme and health care program 
(b) own research group: * start-up package * funding of your own research group with 5-10 positions * access to the VIB core facilities: 
(deep)sequencing, antibody and protein production, transcriptomics, proteomics, compound screening, bio-informatics training facility (see wwwyib.be) 


(c) departmental grant: * solid funding of the department subject to excellent performance with quinquennial reviews. 


Candidates who are interested in this position are asked to send a complete CV and publication 
list and 3 letters of reference to marijke.lein@vib.be. Further information can be obtained from 
Marijke Lein, HR director of VIB +32 924466n. Closing date for applications is 31 May 2010. 
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Science Careers 


is the forum that 
answers questions 


Science Careers is dedicated to 
opening new doors and answering 
questions on career topics that 
matter to you. We're the go-to 
career site for connecting with top 
employers, industry experts, and 
your peers. We're the source for 
the latest and most relevant career 
information across the globe. 


With community feedback and 
a professional atmosphere, our 
careers forum allows you to 
connect with colleagues and 
associates to get the advice 
and guidance you seek. 


Science Careers Forum: 


Relevant Career Topics 
Advice and Answers 
Community, Connections, 
and More! 


Visit the forum and get your 
questions answered today! 


Your Future 
Awaits. 


| From the journal Science 
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Sr. Research Scientist - 
Cardiovascular/Calcium Imaging 


Our Pharmacology Biology Group is seeking a 
Ph.D, scientist who has extensive experience in 
calcium imaging of cardiac cells/tissues using 
fluorescent dyes. The main focus of the work 
for this position is to study calcium signaling in 
heart cells and isolated hearts with experimental 
approaches including the use of fluorescent Ca2+ 
indicators and electrophysiological techniques 
The incumbent will develop imaging-based 
screening platforms to support our current drug 
discovery projects for cardiovascular indications 
and our research on the regulation and function 
of cardiac ion channels, kinases and molecular 
mechanisms underlying the development of car 
diac hypertrophy, heart failure, and arrhythmias. 
The incumbent will be a member of project teams 
and interact with other scientists in cardiovascu: 
lar drug discovery, Experience with confocal 
signaling pathways, patch 
clamp electrophysiology is a plus, The ideal can- 
didate will have a PhD with a minimum of S years 
cardiovascular research in arrhythmia and heart 


microscopy, C 


failure, Pharmaceutical and/or biotech industry 
experience highly desired. Gilead Sciences, Inc. is 
a research-based biopharmaceutical company that 
discovers, develops and commercializes innova- 
tive medicines in areas of unmet need. With each 
new discovery and experimental drug candidate, 
we seek to improve the care of patients suffering 
from life-threatening diseases. Our Palo Alto site 
is engaged in the discovery, development and 
‘commercialization of small molecule therapeutics 
for the treatment of cardiovascular disorders. To 
apply, please submit resume through our website 
at www.gilead.com, Reg. #4044. 


Gilead is an Equal Opportunity Employer. 


Want to 
search 


more 
job 
postings? 


Search thousands 
of job postings 
—updated daily— 
all for free. 
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From the journal Science 


UNIVERSITY OF CALIFORNIA 
Universitat Hamburg IVER 


The Department of Geosciences in the Faculty of 
Mathematics, Informatics and Natural Sciences at the 
University of Hamburg is now seeking applicants for a 


FULL PROFESSORSHIP (W 3) 


for Dynamic Meteorology 


online @sciencecareers.org 


Reference number: 2088/W3 


The University aims to increase the number of women 
In research and teaching and specifically encourages 
women to apply. Qualified female applicants will receive 
preference in accordance with the “Hamburgisches 
Hochschulgesetz” (Hamburg Higher Education Law) 
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Description: 
The Faculty Is seeking applicants who can conduct 
research in dynamic meteorology and who have a 
prolific research profile, a strong record of leadership, 
peer-reviewed publications, external research funding, 
significant national recognition or an international 
reputation in their field and outstanding teaching and 
mentoring skills. 


The successful candidate will head the Dynamic 
Meteorology Division (Theoretische Meteorologie) of 
the Meteorological Institute in the Department of 
Geosciences. Experience and outstanding ability in at 
least one of the following research areas is desirable. 
Fundamental Dynamical Meteorology, conceptual 
models and models of intermediate complexity of 
atmospheric circulation and of the climate system, 
feedback processes in the climate system, advanced 
diagnostics of climate variability. The applicant is 
expected to play an active role in the excellence THINKING 
cluster CIiSAP (Integrated Climate System Analysis and 


Prediction) and the KlimaCampus. BREAKTHROUGH 


The successful candidate will be expected to teach 
dynamic meteorology courses at both undergraduate SOLUTIONS 
and graduate level and to supervise undergraduate and 
graduate student research projects. He/She will play a 
leading role in the further development of the BSc/MSc 
programme in “Meteorology” and the MSc programme 
In “Integrated Climate System Sciences” 


Requirements: Pe _ 
According to § 15 of the Hamburg Higher Education Act HEALTH 
The University of Hamburg places special value on the 
quality of teaching 


We therefore ask applicants to describe both their 
teaching experience and their teaching approaches 


Qualified disabled applicants receive prefere 
non-disabled applicants. 


€ over 


Applications which include a curriculum vitae, a list of 
publications, a list of teaching activities as well as a 
statement of teaching interests and ideas should be 
submitted no later than May 15®, 2010 to the office 
of the “Prasident der Universitat Hamburg, Referat 
Organisation & Personalentwickiung, Reference number: 
2088/W3, MoorweidenstraBe 18, 20148 Hamburg, 
Germany”, 
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With the ability to access anywhere in the world, Science Digital is the electronic version of 
Science magazine supporting our ongoing strides towards an eco-friendly future. At just $99 
for professionals and $50* for students and postdocs, Science Digital is currently available at 
a discounted rate offering our readers the very latest in groundbreaking scientific news and 


discoveries. And this is just one of the ways that AAAS is committed to advancing science 


to support a healthy and prosperous world. Join us. uN = 
Togetherwecanmakeaditference.promaaaas.org/show MAVAAAS + U = A 


UNIVERSITAT BASEL 


The Faculty of Science (Philosophisch-Naturwissenschattliche Fakultat) of the University of Basel invites applications for the position of 


Annetta and Gustav E. Grisard Professor of Molecular Bionics 


The successful candidate is expected to establish an outstanding research program in chemical approaches capitalizing the potential of sustainable, natural 
resources. Innovative research approaches focusing on wood or wood products as a sustainable resource or model for new materials and molecular systems 
are of particular interest. Initially the professorship is limited to a period of 5 years. 


The successful person will participate in teaching chemistry and nanosciences at all levels of the BSc-, MSc- and PhD programmes, The chemistry degree 
programme at the University of Basel can lead to both the BSc and MSc level and covers all aspects of chemical science. The University of Basel pioneered 
one of the first BSc and MSc programmes in Nanosciences worldwide. The teaching of chemistry is critical to the succes of these courses and constitutes 
about one third of the curriculum, Depending on the experience of the successful candidate, appointments at all levels will be considered, 


The Department of Chemistry is located near the centre of Basel, a town which provides a stimulating and attractive environment for interdisciplinary research 
due to the concentration of science institutes as well as the chemical and pharmaceutical industry, The Swiss Nanoscience Institute is based in Basel and 
provides a platform for multidisiplinary research in the Nanosciences, primarily across the Departments of Chemistry and Physics and the Blozentrum. 


For further information about the Department of Chemistry, see http:/Avww.chemie.unibas.ch 


The successful candidate is expected to commence the appointment in fall 2010. Applications received by 15th May 2010 will be guaranteed full conside- 
ration. The University of Basel is an equal opportunity employer. Applications from female candidates are particularly encouraged. Applications, including a 
curriculum vitae, list of publications, names of four referees, outline of current and future research plans should be addressed to Prof. Dr. Eberhard Parlow, 
Dean, Faculty of Science, University of Basel, Kiingelbergstrasse 50, 4056 Basel, Switzerland, and also be provided in electronic form (pdf or zip) to Dekanat- 
Philnat@unibas.ch. 


For further information please contact: Prof. Dr. Wolfgang Meier, Head, Department of Chemistry, Tel: +41 61 267 38 02, E-mail: wolfgang. meier@unibas.ch 
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The Institutes of Brain Science, Fudan University 
Principal Investigator Positions 


Download your free copy. 


ScienceCareers.org/booklets 


The Institutes of Brain Science, Fudan University, 
CAREER Careers Away Shanghai, China, a newly established research 
from the Bench institution supported by the National “985” Program of 
TRENDS the Ministry of Education, is currently recruiting 
principal investigators in the fields of basic and applied 
research of neuroscience and neurological disorders. 


Applicants must have a Ph.D. or M.D. degree with over 
2-year postdoctoral experience; an impressive 
research record with important papers published in 
international journals of high reputation as a 
corresponding or the first author; and the capacity to 
develop a vigorous and independent research 
program. The successful candidates will be expected 
to work in Fudan University full-time, when appointed. 


Interested individuals should send a package including 
CV, publication list, reprints of 3-5 representative 
Papers, a one page summary of the research 
accomplishments, and a 1-2 page research proposal, 
and arrange to have 3 letters of reference sent to: Ms. 
Rong Chen, Institutes of Brain Science, Mail Box 295, 
Fudan University, 138 Yixueyuan Road, Shanghai 
200032, China. ibs@fudan.edu.cn. 


For more information, please visit 
http://iobs.fudan.edu.cn 
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From the journal Science AAAS 


ASSOCIATE/FULL PROFESSOR 
Periodontology Vacancy Announcement 
Position #0025507 


‘The Department of Periodontology is secking appli- 
cations for a fall-time, tenure-track CLINICIAN/ 
TRANSLATIONAL SCIENTIST at the rank of Asso- 
ciate or Full Professor. Applicants should have expertise 
in the areas of immunology, microbiology, inflamma: 
tion, pathology, cell. biology 
"The incumbent will be expected to work closely with 
college faculty in several departments on basic and 
linical translational rescarch associated with the rela- 
tionships of oral disease and systemic health, such as the 
cfiects of chronic periodontal infla 
the control of diabetes, cardiovascular, or other asso- 
ciated chronic diseases. Collaborations with other 
groups across campus, including the Center on Aging, 
diabetes researchers, Clinical and ‘Translational e 
Institute, or the Genetics Instirure will be expected, 
is position will conduct research to more efficiently 
and effectively attack the issues that stem from the 
interrelationships of chronic oral inflammatory diseases 
. Minimum requirements include a 
, D.M.D., M.D., Ph.D., or equivalent degree 
lated. experience. Clinical 
experience in periodontology is desirable, but not re 
erence will be given to candidates who have 
«history of external funding. Salary and academic rank 
with credentials and experience. 
Anticipated start date is September 2010. 

Review of applications is currently under way and 
will continue until an applicant pool is identified. 
Applicants should send curriculum vitae, a cover letter 
describing their interest in the position, referencing 
requisition #0804201, and a list of three 

Prof, Edward K.L. Chan, 
Search Committee Chair 
¢/o Ms. Mary Bennett 
P.O. Box 100405 
Gainesville, FL 32610-0405 

(Or the information can be sent electronically to e-mail: 
mbennett@dental.ufl.edu. Any questions regarding the 
position may be directed to Dr. Chan, e-mail: 
echan@dental.ufl.ed 


The University of Florida is an Ezual Opportunity Institution 
indusive faculty and staf 


dedicated to building a culturally diverse 


Florida's “Government in the Sunshine" and Public Records Laws. 
Search committee meetings and inteniews will be open to the public 
and all appliaations, resuanes, and other documents related to the sears 
will be avuilable for public inspection. 


POSTDOCTORAL POSITION will be available 
in July 2010 in the Department of Neurology at The 
University of Chicago for candidates with M.D. or 
Ph.D. to study (1) cellular and molecular mecha- 
nisms in mouse models of demyelinating diseases 
(central nervous system and peripheral nervous sys 
nd (2) B lymphocyte function in autoimmunity 

b opportunity to collaborate with other 
immunologists and neuroscientists. Prior experience 
and publications in n 
biology are essential. P' 

Vitac, statement of interest, and names of three 
act information to Betty Soliven, 
MD, ell: beoiven @oeurology.bed.uchicago cca 
The University of Chicago is an Affinnative Action /Equal Op- 
portunity Employer 


A POSTDOCTORAL POSITION is available to 
investigate G-protein mediated signaling. pathways 
involved in the regulation of cancer cell growth and 
metastasis (see Oncogene 2 20 
2008). Applications are ence 
with strong interest and experience in the area of 
molecular biology, cell biology, or signal transduction 
research. Send curriculum vitae and names of three 
references to: Danny N. Dhanasekaran, Ph.D., Okla- 
homa University Cancer Institute, University 
Oklahoma Health Sciences Center, Oklahoma Ci 
OK 73104. E-mail: danny-dhanasekaran@ouhsc. 
edu. The University of Oklahoma is an Equal Opportunity 
Employer. 


CaridianBCT 


CaridianBCT is the leading global provider of 
innovative technologies and services specializing in 
automated blood collections, th 
cell therapy 
ogen rei 
technology, products, 
hospitals and sciemific li 
CaridianBe 


cell expansion system for m 
other 


ell types. To support launch py 

work for the new syst 
iting for product 
roles in the United States and in 
based marketing, role, Ideal candidat 
in the stem cell therapy field, enjoy 
m environment, and thrive when faced 
with complex tasks. 

‘The SENIOR PRODUCT SUPPORT AND 
TRAINING SPECIALIST will work within a 
regional/global/customer environment to provide 
process support and development as well as product 
training, Ideal candidates will have a Ph.D, (preferred 
but not required) in a relevant field, and experience 
from stem cell therapy work, cell culture, and flow 
cytometry. CaridianBCT is looking to fill both US. and 
European Union-based positions. The MARKETING 
MANAGER will analyze and translate customer needs 
into a compelling product offering, while developing and 
managing global marketing strategies. Ideal candidates 
will have a marketing degree and several years of 
experi relevant fields, preferably stem cell therapies, 
‘The position will be United States based. 

Please visit CaridianBCT’s candidate portal at 
website: https://careersintheusa.caridianbet.com/ 
index.html to apply. 


POSTDOCTORAL FELLOW 
Virology/Cancer Biology 
University of Wisconsin-Madison 

Two Postdoctoral positions are available inthe 
laboratory of Robert F, Kalejta in the Institute for 
Molecular Virology and the McArdle Laboratory for 
Cancer Research at the University of Wisconsin-Madison, 
‘The Kalejta laboratory is interested inhuman cyto- 
megalovirus replication and pathogenesis, and focuses 
specifically on viral latency and modulation of the cell 
eyele (5 sogle or PubMed for more informa- 
tion). Projects are available in each of these areas, but 
new directions that expand the scope of the laboratory 
and fit with the interests and abilities of the applica 
are always welcome. UW-Madison has the facili 
expertise to support high-level productivity, and is 
located in one of the most beautiful and livable small 
ies in the United States, Applicants should have or 
nearing a Ph.D. in nt discipline with a 
ord of productivity, Please forward a cover letter 

describing your past research, future goals, and 
preferred starting date, along, with curriculum vitae 
containing, th of three 
Madison 


rfkalejta@wiseedu, U1) 
is an Equal Opportunity Employer 


ETPL, 


Promab Biotechnologies Inc. 
Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 


www promab.com info@promab.com 
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AAAS is here — bringing scientific expertise to policy making. 


Good science policy is the result of politicians understanding science and scientists understanding policy. Toward this end, 
AAAS manages the Science & Technology Policy Fellowships program, which embeds scientists and engineers in the federal 
government for up to two years. From Congress to the State Department, each class of Fellows contributes to the policy- 
making process while getting hands-on experience at the intersection of science and policy. As a AAAS member your dues 


support these efforts. If you’re not yet a AAAS member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/fellows. WN AAAS 2 U = A 
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